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ABSTRACT (<250 words) 

Small-molecule drugs modulate biological processes and disease states through 

engagement of target proteins in cells. Assessing drug–target engagement on a proteome-wide 

scale is of utmost importance in better understanding the molecular mechanisms of action (MoA) 

of observed beneficial and adverse effects, as well as in developing next generation tool 

compounds and drugs with better efficacies and specificities. However, systematic assessment 

of drug–target engagement has been an arduous task. With the continuous development of 

mass spectrometry-based proteomics instruments and techniques, various chemical 

proteomics approaches for drug target deconvolution (i.e., the identification of molecular target 

for drugs) have emerged. Among these, the label-free target deconvolution approaches that do 

not involve the chemical modification of compounds of interest, have gained increased attention 

in the community. Here we provide an overview of the basic principles and recent biological 

applications of the most important label-free methods including the cellular thermal shift assay 

(CETSA), pulse proteolysis (PP), chemical denaturant and protein precipitation (CPP), stability 

of proteins from rates of oxidation (SPROX), drug affinity responsive target stability (DARTS), 

limited proteolysis (LiP) and solvent-induced protein precipitation (SIP). The state-of-the-art 

technical implications and future outlook for the label-free approaches are also discussed.  
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1. Introduction 

Small-molecule inhibitors or activators are important tools for modulating proteins in 

various biological systems and disease models, and constitute the largest class of 

therapeutics.1 The effectiveness or potency of a small-molecule drug in modulating a protein 

target is a consequence of multiple factors closely related to the pharmacokinetic (PK) and 

pharmacodynamic (PD) properties of the drug.2 A fundamental element underlying the various 

PK/PD properties of a drug is its target engagement within live cells. As Paul Ehrlich concluded, 

drug action begins with binding; ‘Corpora non agunt nisi fixata’ [“A substance will not work 

unless it is bound”].3 Most small-molecule drugs are not catalytic by nature, and thus require a 

stoichiometric or saturating amount of compound for exerting efficacy at the phenotypic level. 

Moreover, in the field of oncology, the common tricks used by cancer cells to develop resistance 

include the lowering of effective intracellular drug concentrations (through changes in drug 

influx, efflux, or catabolism), and the emergence of point mutations at ligand-binding sites of 

target proteins, such that the drug binding event is prevented, resulting in the loss of apparent 

efficacy. This is particularly evident in targeted therapeutics, such as imatinib for BCR-ABL and 

various tyrosine kinase inhibitors (TKIs) for EGFR.4,5 Therefore, determining and ideally 

quantifying the extent of drug–target engagement should be the standard practice in drug 

discovery and development projects.6  

Target-based drug discovery (TBDD) and phenotypic drug discovery (PDD) are the two 

main strategies for developing new therapeutics.7 In a typical TBDD program, the drug is 

designed or screened based on a known target protein, or alternatively, derived from a known 

interacting lead compound. Still, polypharmacology is possible on a proteome-wide scale, 

which can yield very different cellular effects of the drug than anticipated.8-10 It is technically 

challenging and not always required, to develop a drug specific for a single target protein. 

However, a detailed characterization of the interaction spectrum of a drug will be valuable for 

interpreting the origins of its biological effects, both desirable and undesirable. For example, 

information on target specificity is useful for early identification of off-target toxicities and safety 

issues.11 In contrast, PDD programs initially follow a target-agnostic principle where first-in-

class drug candidate can be developed but the target pathways or proteins could take years to 
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be deciphered.12,13 The importance of target deconvolution of hits arising from phenotypic 

screens cannot be over-emphasized in a successful PDD program for progressing an initial hit 

compound towards the next stages of drug development.  

Studies of drug–target engagement should ideally be performed in a physiologically-

relevant cellular context. Since the concentrations of cellular proteins are typically much higher 

than recombinant proteins in cell-free biochemical assays, protein states may exist differently 

(e.g., conformational distributions, protein stabilization, specificity of interactions, and diffusion 

of molecules) under the more diluted salt solutions, when compared to the “crowded” cellular 

environment.14,15 In human cells, cellular components are spatially-organized with subcellular 

compartmentalization, and the molecular members of signaling pathways or functional modules 

are closely interconnected. The cellular interactomes, including protein–protein, protein–nucleic 

acids, protein–cofactor, and protein–metabolite interaction networks, are in a highly dynamic 

spatio-temporal configuration, which can affect the intracellular target engagement of a drug. 

In addition, a drug–target binding study at the cellular level can survey the entire proteome 

landscape to provide information on targeting specificity; this can help explain observed side-

effects resulting from otherwise unanticipated off-targets. The absence of such critical 

information may result in in that serious safety issues are missed, particularly if a drug is to be 

introduced into the market.  

For many years, affinity-based protein profiling (AfBPP) and activity-based proteome 

profiling (ABPP), in which targets are pulled down or fished out by incubating chemically-

modified drugs with biological samples, have been the mainstay for target deconvolution and 

responsible for many notable discoveries.16-20 However, the necessity for chemical modification 

of small-molecule compounds has at least two shortcomings: (i) drug–target interactions 

studied are restricted to small molecules that are amenable to chemical modifications, and (ii) 

the derivation of small molecules with affinity tags can compromise or inadvertently alter their 

interactions with target proteins.21 

In the past decade or so, several label-free target deconvolution approaches have 

emerged for evaluating the direct interactions between drugs and protein targets in a 

physiologically-relevant environment such as whole cell lysate or intact cells. These methods 
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include the cellular thermal shift assay (CETSA)22, pulse proteolysis (PP)23, chemical 

denaturant and protein precipitation (CPP)24, stability of proteins from rates of oxidation 

(SPROX)25, drug affinity responsive target stability (DARTS)26, limited proteolysis (LiP)27 and 

solvent-induced protein precipitation (SIP)28. These approaches are largely based on the 

biophysical principle that proteins are thermodynamically stabilized or conformationally 

modulated upon ligand binding, and hence, such changes can be precisely probed by their 

differential responses to perturbations such as heating, proteolysis, and chemical denaturants. 

With the continuous improvements in the scanning speed and sensitivity of mass spectrometry-

based quantitative proteomics, the application of these approaches at the proteomic level for 

drug target deconvolution is maturing and gaining popularity in the community.29,30 They are 

being applied in an increasing number of drug–target relationship studies in recent years, 

contributing to a better understanding of the biological activities of these small molecules.  

Recently, several reviews have addressed the development and applications of 

individual31-36 or multiple37-39 label-free strategies. Herein, we discuss the ensemble of state-of-

the-art label-free technologies for the target identification of drugs or bioactive small molecules 

directly in complex proteomes, with particular emphasis on the truly mass spectrometry-based 

and proteome-wide scale screening methods including MS-CETSA, SPROX, LiP-MS, and SIP. 

We showcase examples of successful applications of these methods that have helped to derive 

critical information for understanding cellular effects, which have propelled drug development.  

 

2. Thermal stability-based target deconvolution – CETSA 

2.1 The development of Cellular Thermal Shift Assays (CETSA) 

Thermal shift assays (TSAs) measure the changes of thermal stability of purified proteins 

under different conditions (e.g., buffer components, pH, redox potential, and presence/absence 

of ligands) and have been extensively employed to study or screen low-molecular-weight ligand 

interactions with proteins.40 The thermal-induced unfolding of proteins is typically monitored 

with a fluorescent dye that recognizes the exposed hydrophobic regions.41,42 It is well-

established that the thermodynamic and kinetic changes of the protein coupled to the binding 
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event of a cognate ligand tend to shift the transition point of the melting curve (i.e., melting point, 

Tm) to a higher temperature, i.e., the protein is thermally stabilized.43,44 

Martinez Molina et al. reported the successful extension of TSA principle to a cellular 

context – the Cellular Thermal Shift Assay (CETSA) – as the first broadly applicable assay for 

the direct studies of drug–target engagement in cells and tissues.22,32 The classical CETSA 

workflow involves the aliquoting of cell lysates or live cells with/without drug treatment, the 

heating of samples at a specified number of temperature points, and the separation and 

quantification of the remaining soluble proteins.45 The difference in melting curves of a protein 

with- and without- drug treatment signals the occurrence of drug–protein engagement (Fig 1A). 

Through focused studies of 10 different proteins of interest using Western blotting (WB) 

detection, the classic WB-CETSA in the original report has demonstrated its immense utility in 

monitoring intracellular target selectivity and extent, drug transport, activation and resistance, 

as well as dose-dependent target engagement in animals.22 Since then, WB-CETSA has been 

widely adopted in academia and industry.  

2.2 The evolution from WB-CETSA to MS-CETSA 

A major limitation of WB-CETSA is the low throughput of target engagement, that is, only 

a handful of putative drug targets may be probed (depending on the availability of good 

antibodies), and the universe of other drug–protein interactions remain unknown. This led to 

the subsequent development of the mass spectrometry (MS) implementation of CETSA, in 

which the neutron-encoded, isobaric tandem mass tag (TMT)-based quantitative proteomics 

workflow was plugged downstream of the CETSA protocol, to allow for the proteome-wide 

investigation of drug-target interactions.46 Each of the TMT chemical labeling reagents contain 

three main components, including amine reactive group, mass reporter group and mass 

normalization group.47 TMT reagents are elegantly designed in such a way (with identical total 

mass, chemical property and LC elution profile) that multiple protein samples can be labeled 

individually before being pooled together and co-analyzed in a single MS run, commonly 

referred to as multiplexed quantitative proteomics.48,49 Therefore, remnant soluble proteins after 

heating to different temperatures can be isolated with a centrifugation step and quantified by 

MS to derive the melting curves on a proteome-wide scale (Fig 1B).  
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The melting profiles of a proteome generated in such MS-CETSA (also termed as thermal 

proteome profiling, TPP) experiments are interesting and informative per se, and by integrating 

with other biochemical information, the first MS-CETSA data from erythroleukemia K562 cells 

suggested multifactorial contributions of molecular weight, endogenous ligands, DNA 

association, and subcellular compartmentalization to protein stability.46 We have recently 

summarized the applications of MS-CETSA for global assessment of the changes of protein 

interaction states (PRINTS).33 We have introduced the term PRINTS to describe all the possible 

interactions that a protein can make with drugs and physiological ligands such as metabolites, 

cofactors, nucleic acids, and other proteins. For any given protein, multiple PRINTS may exist 

which can change occupancy during cell state transitions.33,50 Such transitions have been 

detected by MS-CETSA including different phases of the mammalian cell cycle, and different 

growth stages of Escherichia coli.33,51,52 The applications of proteome-wide MS-CETSA for the 

target deconvolution of small-molecule compounds with an emphasis on clinical drugs and hits 

from phenotypic screens are summarized in Table 1. Due to space constraints, we will highlight 

a few representative and notable applications of MS-CETSA in the following sections.  

2.3 MS-CETSA for anti-cancer/anti-proliferative drug target deconvolution 

By comparing acquired proteome melting profile data in the presence or absence of a tool 

compound or drug, the first MS-CETSA paper demonstrated the feasibility of identifying the 

targets and off-targets for several anti-cancer or anti-proliferative kinase-directed drugs and tool 

compounds, including the promiscuous kinase inhibitors staurosporine and GSK3182571, 

serine/threonine-protein kinase B-Raf (BRAF) inhibitor vemurafenib, anaplastic lymphoma 

kinase (ALK) inhibitor alectinib, as well as tyrosine-protein kinase ABL inhibitor dasatinib.32,46 

Other than the expected targets, ferrochelatase (FECH), a protein in the heme biosynthesis, 

was found to be stabilized by not only the tool compound staurosporine but also kinase inhibitor 

drugs vemurafenib and alectinib used in the clinic; this likely explains the observed adverse 

effects of photosensitivity and protoporphyria.53,54 An isothermal dose-response (ITDR) format 

of CETSA (Fig 1C), in which sample aliquots are dosed with several different drug 

concentrations but heated at a single constant temperature, can report the extent of target 

occupancy and yield a median effective concentration (EC50) value in good agreement with 
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other activity assays.22,46 For instance, the affinity values of the kinase inhibitor GSK3182571 

from ITDR profiles were correlated with the data from a distinct kinase affinity profiling assay 

(i.e., kinobeads competition-binding experiment). 30 In another example, MS-CETSA was 

performed to understand the pleiotropic effects of palbociclib, an inhibitor of cyclin-dependent 

kinases CDK4 and CDK6 in breast cancer.55 In addition to the known main targets CDK4 and 

CDK6, palbociclib also stabilized multiple kinases in the PI3K/AKT/mTOR pathway. 

Furthermore, all 20S subunits but not the 19S subunits of proteasome displayed significant 

thermal stabilization. Although no direct protein target was identified, the study nevertheless 

found proteasome activation as a downstream effect of palbociclib treatment and functionally 

connected proteasome activation with palbociclib-induced senescence.55 This study highlighted 

the potential of live cell proteome-wide MS-CETSA in establishing mechanistic biomarkers 

downstream of direct drug-protein interactions.32,33 In this study, the MCF7 human breast 

cancer cells were treated with 10 M palbociclib, a concentration higher than the typical IC50 

for long-term growth inhibition in cell culture, in the hope of maximizing the detected thermal 

shift after 1-hour treatment.55 Therefore, the drug concentrations used in CETSA experiment 

should be carefully chosen. 

Using a two-dimensional strategy of measuring proteome stability at 12 heating 

temperatures and 5 different compound doses, Becher et al. discovered a few potential off-

target proteins of panobinostat, a marketed histone deacetylase (HDAC) inhibitor, in HepG2 

human liver cancer cells.56 Other than the known targets (i.e., HDACs), two other proteins, 

tetratricopeptide repeat domain 38 (TTC38) and phenylalanine hydroxylase (PAH) showed 

thermal stabilization in the presence of low concentration of panobinostat; of which PAH was 

followed up with functional studies. Interestingly, the loss-of-function of PAH is known to affect 

phenylalanine metabolism and cause phenylketonuria. Strong biochemical evidence suggested 

that panobinostat binds to the active site of PAH and inhibits its enzymatic activity, leading to 

increased cellular phenylalanine and decreased tyrosine levels.56  

In a testament to its versatility, MS-CETSA has also been used to deconvolute the protein 

targets of hit compounds from phenotypic screens, where the mechanisms of action (MoAs) of 

these compounds were largely elusive. For example, a novel anti-proliferative compound a131 
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was discovered to ablate H-RasV12-transformed but not normal human fibroblasts. Through 

an unbiased MS-CETSA melting curve experiment, the phosphatidylinositol 5-phosphate 4-

kinase (PIP4K) lipid kinases were identified as the targets of a131.57 Of note, FECH was also 

found to be stabilized by a131, suggesting its promiscuity in binding to multiple 

compounds/drugs. Orthogonal experiments confirmed the inhibitory effect of a131 on purified 

PIP4K and siRNA knockdown of PIP4Ks phenocopied the cell cycle inhibition effect of a131 

treatment.57 It is worth noting that a131 exhibits dual-activity by causing cell arrest at the G1/S 

phase as well as promoting mitotic arrest/catastrophe, therefore a plausible target in the mitotic 

phase remain to be discovered. 

2.4 MS-CETSA for infectious disease drug target deconvolution 

In addition to mammalian cells, MS-CETSA can be applied to other organismal systems. 

The first publication of MS-CETSA on bacteria was a proof-of-concept study of the enzyme–

substrate interaction of tetrachloroethene reductive dehalogenase PceA with trichloroethene in 

an organohalide-respiring, anaerobic bacterium Sulfurospirillum multivorans.58 Mateus et al. 

used the two-dimensional MS-CETSA to understand the direct targets and MoAs of two well-

known antibiotics — ampicillin and ciprofloxacin in E.coli.52 Ampicillin is a penicillin family 

antibiotic inhibiting bacterial cell wall biosynthesis by binding to multiple penicillin-binding 

proteins (PBPs). In an extracted cell lysate MS-CETSA experiment, only 10 proteins, including 

two PBPs, were significantly thermally shifted; when analyzed in intact living cells, the hit 

number went up to 130, including four PBPs. Many of the affected proteins were thus 

considered to be downstream effectors involved in multiple processes from cell-wall-related 

processes to central metabolism of glycolysis and the tricarboxylic acid cycle (TCA).52 

Ciprofloxacin is a broad-spectrum antibiotic of the fluoroquinolone class that impairs bacterial 

DNA replication and division, through inhibiting type II topoisomerase (DNA gyrase).59 

Interestingly, the stabilization of DNA gyrase GyrAB was only observed in living cells but not in 

extracted cell lysates; this could be explained by the fact that the interaction only happens in 

the presence of DNA which was digested in the lysate experiment before CETSA 

measurement.52  

Dziekan et al. reported the implementation of MS-CETSA for Plasmodium falciparum, the 
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main causative agent of human malaria.60 Synchronized P. falciparum mid-trophozoites grown 

in human red blood cells in vitro were used as experimental material and ITDR-MS-CETSA was 

used as the main hit-calling method.61 First, two drugs – pyrimethamine, a folic acid antagonist, 

and E64d, a broad-spectrum cysteine proteinase inhibitor – were used to validate and optimize 

the working protocol, and expected protein targets were successfully identified.60 Next, two 

clinically used anti-malaria quinoline class drugs, quinine and mefloquine, were fed into the 

established ITDR-MS-CETSA workflow and purine nucleoside phosphorylase (PfPNP) was 

discovered to be the conserved and sole hit protein exhibiting high-confidence stabilization 

among the >2000 measured P. falciparum proteins.60 The interactions were validated by in vitro 

biophysical (e.g. surface plasmon resonance (SPR) and isothermal titration calorimetry (ITC)), 

enzyme inhibition and structural studies. The minimal dose threshold values, defined as the 

lowest drug concentration inducing high-confidence protein stabilization, extracted from ITDR-

MS-CETSA data suggested that quinine is a tighter binder of PfPNP compared to mefloquine, 

in agreement with the dissociation constants measured in SPR and ITC assays.60 

2.5 MS-CETSA for target deconvolution at the tissue and animal level 

The applications of CETSA extend well beyond the cellular level. Very encouragingly, the 

Western-blotting- and imaging-based CETSA experiments have been successfully applied to 

assess drug–target engagement activities directly in mice and human tumor biopsies.22,62,63 

More recently, a systematic study of proteome-wide MS-CETSA profiling in vivo was reported 

by the Cellzome group.64 In the first set of experiments, the compound interaction specificity in 

different solid tissues was explored in rats administered intravenously with the HDAC inhibitor, 

panobinostat, for as short as 90 min. Four tissues including liver, kidney, lung and spleen were 

taken from dosed rats, dissected into pieces, and heated before soluble protein extraction and 

quantification. Stabilization of two primary targets Hdac1 and Hdac2 as well as Ttc38, known 

to interact with panobinostat, could be observed in all four tissues. Strikingly, the stabilization 

of a small number of additional off-targets or downstream events were observed only in one or 

a few specific tissues, possibly reflecting the heterogeneities of protein expression, cellular 

metabolism, and drug exposure among different tissues. Interestingly, stabilization of 

dehydrogenase–reductase SDR family member 1, Dhrs1, was observed in vivo, as well as ex 
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vivo-dosed live tissues but not in extracted cell lysates, thus suggesting that Dhrs1 was possibly 

stabilized by a metabolized product or downstream event of panobinostat metabolism in living 

cells. Next, the direct measurement of target engagement was explored in human whole-blood 

samples. Briefly, the protocol involved drug dosing and heat treatment of whole blood, lysis of 

red blood cells (RBCs), retrieval of peripheral blood mononuclear cells (PBMCs) by density 

centrifugation and lysis of PBMCs for soluble protein quantification. Again, using panobinostat 

as the model drug, the dose-dependent stabilization of known targets HDAC1 and HDAC2 as 

well as TTC38, happened at similar concentrations as observed in cell lines and tissues.64  

2.6 Assessment of MS-CETSA in drug target deconvolution 

In the above discussion, we have showcased a few notable cases of assessing drug–

target engagement with proteome-wide MS-CETSA, demonstrating its versatility in multiple 

organisms and sample types. However, it should be noted that the classic MS-CETSA 

experiments typically involve relative abundance measurements of many sample aliquots 

subjected to different drug doses and heating temperatures, thus requiring isobaric labeling 

such as TMT for multiplexing, which unfortunately is expensive. To increase the number of 

proteins that can be identified and alleviate the ratio compression problem65, each multiplexed 

isobaric-labeled peptide sample is typically subjected to extensive off-line prefractionation into 

multiple fractions for analysis, thereby relatively long instrument time is needed for sample 

measurements (discussed in ref 33).  

Although the melting curve and ITDR curve measurements have been widely used for 

CETSA experiments, other compact measurement formats have been developed. To decrease 

the measurement time and increase the analytic throughput, the “one-pot analysis” strategy 

has been reported to make a single measurement of a mixture of samples rather than 

measuring every sample point of the protein denaturing curve.66 One recent development is a 

protocol called Proteome Integral Solubility Alteration (PISA).67 Instead of generating and fitting 

melting curve, PISA measures the integral of the area under the melting curve of each protein 

by mixing samples heated at many different temperatures. However, the averaging effect 

renders the magnitudes of changes in PISA assay inherently smaller. To overcome this, the 

strategy of selecting a narrower temperature range balancing between magnitudes of fold 
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changes and protein abundances was recently explored and showed promise in improving the 

sensitivity of the PISA assay.68 A more recent implementation of MS-CETSA is the isothermal 

shift assay (iTSA) using just one heating temperature to detect thermal shifts, without sample 

pooling as performed in PISA.69 The iTSA experimental scheme can pack 5 replicates of drug- 

and vehicle-treatment pairs in the same TMT-10plex set — by having all biological replicates 

of drug and vehicle in the same MS run, experimental noise is minimized. The performance of 

iTSA was benchmarked using staurosporine. The results suggested that, compared to the first 

staurosporine dataset acquired using the conventional MS-CETSA melting curve format, the 

increased replication of iTSA improved the analytic throughput and also the statistical power.69 

However, it remains likely that iTSA misses targets for proteins where the melting behavior is 

not overlapping with the single temperature used in the measurements. Analytic result 

suggested a broad distribution of Tm values of the hit proteins from individual sampling 

temperature, therefore combining results from multiple temperatures could boost the hit 

discovery rate.69 Prior to the development of iTSA, Dai et al. introduced the IMPRINTS-CETSA 

(Integrated Modulations of Protein Interactions States-CETSA) format whereby multiple 

replicates were packed in the same TMT set to minimize noise, similar to iTSA.33,51 This strategy 

was applied for 6 temperatures in parallel to give a deep view of proteome modulations 

introduced along the cell cycle progression.51 By having measurements at 37 ºC, proper stability 

changes can be distinguished from quantitative changes of protein levels induced by a drug. 

As a note, when CETSA involves the isolation of the soluble fraction of the proteome, it has 

been noted that quantitative changes in protein levels can also reflect relocalization of proteins 

in the cell, for example between nucleus and cytosol.51,70  

Similar to the single temperature concept of iTSA, Zhang et al. reported a further simplified 

method of analyzing a pair of drug- and vehicle-treated samples from one heating temperature 

using a dimethyl-labeling strategy, in which peptides from the two comparative samples were 

labeled with stable isotope-encoded formaldehyde.71 Dimethyl labeling is more cost-effective 

compared to TMT labeling. This MS-CETSA format allows for rapid initial screening and/or 

validation of potential targets, especially in limited-resource settings. Very recently, Lyu et al. 

proposed a simplified and scalable sample processing workflow, termed microparticle-assisted 
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precipitation screening (MAPS), in which the heat-denatured proteins aggregate onto the 

surface of the microparticles, without a centrifugation step.72 The MAPS method focuses on the 

measurement of precipitate proteins, and is compatible with microgram amounts of initial 

proteins.72 

In terms of limitations, many membrane proteins and a subset of soluble proteins might 

not be responsive in CETSA, for example, dasatinib did not stabilize the known target BCR-

ABL fusion protein in K562 cells. In such cases, downstream effects from drug action identified 

with MS-CETSA, such as the thermal shifts observed on CRKL and ABL1 in dasatinib-treated 

cell — two interacting proteins of BCR-ABL kinase — could be used to pinpoint the affected 

protein complex or pathway.46 Such CETSA mechanistic markers are particularly valuable in 

the living cell setting to delineate the MoA of drug.32,33 It, however, does suggest that reaching 

a reasonably good depth of proteome detection is highly desirable in proteome-wide MS-

CETSA experiments.  

 

3. Chemical stability-based target deconvolution – PP, CPP and SPROX 

3.1 Pulse Proteolysis (PP) 

As mentioned above, ligand binding to proteins in their native conformations affects both 

the global stability and unfolding kinetics of the associated proteins.44 The thermodynamic 

stability of a protein could also be reflected in its resistance to unfolding/denaturing in the 

presence of chemical denaturants such as guanidine hydrochloride (GdmCl) or urea.73 

Classical biophysical techniques such as far ultraviolet circular dichroism and fluorescence 

spectroscopy monitor the conformational changes or unfolding extent of the purified proteins, 

but often require specialized instruments and large amount of purified protein.74,75 In addition, 

the structural and functional results obtained from in vitro constituted systems may not always 

represent the physiological state. In 2005, Park & Marqusee described a simple method termed 

Pulse Proteolysis (PP) for quantitating the protein thermodynamic stability and the effect of 

ligand binding on proteins.23 This method first treats aliquots of protein samples with increasing 

concentrations of chemical denaturant till an equilibrium mixture of folded and unfolded proteins 
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is formed. Subsequently, a carefully titrated pulse treatment with non-specific protease is done 

to digest the unfolded protein fraction while keeping the folded fraction intact on the same 

timescale, followed by the quantification of the band intensities of remaining folded proteins 

after separation on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

gel.23 The fractions of folded proteins (ffold) are plotted against the concentrations of denaturant, 

and the midpoint denaturant concentration (Cm) at which ffold=0.5 is an important parameter 

derivable from the experiment. When the protein unfolding/refolding process could be modeled 

with a two-state transition, it is possible to derive several thermodynamic parameters including 

Gibbs free energy of folding (Gf), as well as ligand binding-induced free energy change (Gf) 

and dissociation constant (Kd) in the context of drug–target interaction, even in complex 

biological mixtures such as cell lysates. The use of PP for monitoring ligand binding was first 

demonstrated for the interaction of maltose and maltose-binding protein (MBP), with a derived 

Kd value in good agreement with the value determined by classical biophysical assays.23  

Although good for targeted and quantitative analysis, the necessity of electrophoresis in 

original PP workflow renders it a relatively low-throughput and low-sensitivity assay.76 A gel-free 

readout would be highly desirable. Recently, Trindade et al. reported an improved protocol 

called Pulse Proteolysis and Precipitation for Target Identification (PePTID), in which the 

remaining (both intact and partially degraded) proteins post proteolysis were precipitated by the 

addition of trichloroacetic acid (TCA).77 Different from the original PP, the PePTID protocol 

focuses on measuring the generated peptide fractions in the supernatant, which could be easily 

coupled to LC-MS/MS. A proof-of-concept experiment of PePTID on ATP-binding proteins in 

Mycobacterium smegmatis proteome was carried out. Among the 29 stabilized proteins and 3 

destabilized proteins, the majority of them are indeed associated to ATP, demonstrating the 

reliability of the PePTID protocol in reporting changes of proteolytic susceptibility induced by 

ligand binding.77  

More recently, a chemo-selective enrichment technique named Semi-Tryptic Peptide 

Enrichment Strategy For Proteolysis Procedures (STEPP) was introduced to isolate the semi-

tryptic peptides generated in the non-specific protease digestion stage of Pulse Proteolysis.78 

The protocol involves the protection of ε-amino groups of lysine side chains and N-termini of 
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the generated peptides (generated by the non-specific protease) with isobaric mass tag (such 

as TMT reagents), followed by a complete trypsin enzyme digestion step and the removal of 

the peptides with newly-generated N-termini (generated by trypsin digestion). Finally, these 

remaining TMT-labeled semi-tryptic peptides are subjected to quantitative proteomics 

analysis.78 The STEPP-PP workflow was validated by the two-well studied drugs, cyclosporin 

A and geldanamycin, in yeast cell lysate. The results revealed two cyclophilin proteins (CPR1 

and CPR3) and one yeast HSP90 isoform HSP82 as hits, supporting the utility of STEPP-PP 

method.78   

3.2 Chemical denaturant and Protein Precipitation (CPP) 

Similar to Pulse Proteolysis, a method termed Chemical denaturant and Protein 

Precipitation (CPP) was developed, in which the unfolded protein fraction is precipitated out of 

solution by abrupt dilution of the denaturant equilibrated sample followed by centrifugation, 

thereby the fraction of folded proteins ffold in the supernatant (or the fraction of unfolded proteins 

funfold in the precipitate) could be quantified by standard quantitative proteomics as a function of 

the denaturant concentration.24 In the proof-of-concept experiments, the performance of CPP 

protocol was evaluated on three model drugs including cyclosporin A, geldanamycin, and 

sinefungin. The results suggested that the expected targets (cyclophilins, HSP90 family 

members, and methyltransferases, respectively) were indeed among the detected hit proteins 

although the false positive rates appeared rather high.24 Of note, the protein samples from 

different concentrations of denaturant buffers in the presence or absence of drug were 

processed and multiplexed with TMT-10plex labeling reagents, similar to the classic MS-CETSA 

melting curve analysis.  

3.3 Stability of Proteins from Rates of Oxidation (SPROX) 

Protein folding and unfolding events usually accompany the global conformational 

alterations and change the surface exposure or accessibility of certain reactive amino acids 

that are otherwise protected. The surface accessibility of these residues can be evaluated by 

specific chemical modification reactions, also known as protein surface footprinting.34 A 

representative and well-established experimental approach in this category is termed Stability 

of Proteins from Rates of Oxidation (SPROX), which measures the chemical denaturant-
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dependent protein unfolding and methionine oxidation.79 It has been presumed that the majority 

of the hydrophobic methionine residues (Met) are buried within the interior cores of proteins, in 

other words, the baseline level of Met oxidation is low and the changes in the levels of Met 

oxidation indicate protein local structural/conformational changes.80 Similar to Pulse Proteolysis, 

the SPROX workflow starts with the incubation of sample aliquots with increasing 

concentrations of chemical denaturant. The samples are then pulsed with a constant amount 

of hydrogen peroxide (H2O2) for a specified period to oxidize the Mets, before being quenched 

by excess methionine or catalase. The thermodynamic stability of proteins can be evaluated by 

measuring the extent of oxidation of methionine residues as a function of the chemical 

denaturant concentration. While it is possible to monitor the oxidation extent at the whole 

protein level25, in most practices, SPROX is coupled to a quantitative bottom-up proteomics 

workflow, that is, the oxidation extent of Met-containing peptides from the proteins are 

monitored (Fig 2A). Analogous to Cm value in the PP analysis, the mid-point of denaturation 

C1/2 value in SPROX analysis is closely related to the global stability of the protein of interest. 

It is possible to use the extent of C1/2 shift to evaluate the stabilizing effect of ligand binding on 

the protein, and derive the thermodynamic parameters.34  

3.4 SPROX for drug target deconvolution 

SPROX has been used to report on drug–protein interactions in human cell lysates. The 

first application of SPROX for target deconvolution of a potential drug lead without a clearly-

defined MoA was on the natural product manassantin A isolated from Saururus sp.81 

Manassantin A exhibits selective cytotoxicity towards a range of cancer cells over normal cells, 

possibly through the inhibition of hypoxia inducible factor 1α (HIF-1α).82,83 The SPROX 

experiment coupled to isobaric tags for relative and absolute quantitation (iTRAQ) strategy, 

termed iTRAQ-SPROX, was first employed to discover the potential target proteins in human 

breast cancer MDA-MB-231 cell lysate. From the assayed >2300 peptides of 1100 proteins in 

two experiments, ~ 20 peptides were selected as preliminary hits. To narrow down the hits, a 

second experiment using Pulse Proteolysis coupled to a stable isotope labeling with amino 

acids in cell culture strategy (SILAC-PP) was also carried out. As mentioned above, the PP 

protocol requires an SDS-PAGE gel-based sample fractionation step, which would limit the 
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analysis to only one fraction of the proteome; in this case, only 263 unique peptides from 99 

proteins were detected. From these two experiments, two proteins, filamin A and elongation 

factor 1α were identified as the most consistently shifted hits; in addition, manassantin A was 

observed to induce destabilization of N-terminal part but not other parts of filamin A.81 

Interestingly, a cleaved C-terminal fragment of filamin A under hypoxia was reported to regulate 

the nuclear localization and transactivation of HIF-1α.84 These data seem to support a working 

model where manassantin A binds to the C-terminal part of filamin A and induces a cleavage 

event for downstream activation.81  

In another example, SPROX was employed to study the protein targets for tamoxifen and 

N-desmethyl tamoxifen in MCF7 cells.85 Tamoxifen and its active metabolites are known to 

modulate the estrogen receptor. Among the detected ~2000 peptides of ~900 proteins in the 

iTRAQ-SPROX experiment, ~100 peptides (and the corresponding proteins) were identified as 

hits. A SILAC coupled SPROX (SILAC-SPROX) experiment, in which the proteomics 

quantification was based on SILAC metabolic labeling, was also included as an orthogonal hit 

identification strategy (Fig 2B). The proteome measurement depth and hit rate in SILAC-

SPROX was similar as for iTRAQ-SPROX. Among the overlapping hits with consistent trends, 

Y-box protein binding 1 (YBX1) was further validated as a direct binding target of tamoxifen, 

which is known to connect to the estrogen receptor.85  

In a recent study, a combination of MS-CETSA and SPROX experiments were applied to 

understand the MoAs of the antihistamine clemastine responsible for its anti-malarial effect.86 

Interestingly, in the MS-CETSA analysis, all eight subunits of the P. falciparum TCP-1 ring 

complex (TRiC) showed significant concerted destabilizations in the presence of clemastine, a 

phenomenon that has been termed thermal proximity coaggregation (TPCA).51,87 The SPROX 

analysis revealed a thermodynamic stabilization of the delta subunit of TRiC, with the hit peptide 

mapping to the apical loop region involved in substrate protein folding and encapsulation.86 It 

is worth noting that the thermal profiles of human TRiC complexes were not significantly 

modulated when tested in human liver cell lysate, possibly suggesting a species-specific 

interaction of clemastine with P. falciparum TRiC beta subunit. The functional experiments 

further correlated clemastine treatment with aberrant microtubule morphology and tubulin 
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depletion, consistent with the important role of TRiC for the folding of cytoskeletal proteins.88 

However, to fully confirm this conclusion, biochemical studies should be carried out to validate 

the direct interaction between clemastine and TRiC.  

3.5 Assessment of SPROX in drug target deconvolution 

The SPROX analysis is particularly useful in providing domain-level binding information 

and valuable thermodynamic parameters when protein undergoes two-state unfolding transition; 

however, it also comes with a few technical limitations.34 First of all, methionine is the second 

rarest residue among vertebrates.89 Due to the need for enriching and detecting Met-containing 

peptides, SPROX needs a relatively large amount of starting material to ensure the methionine-

containing peptides used for target protein identification to be consistently detected and 

accurately quantified in the presence and absence of ligand. In addition, there’s an upper limit 

to the number of proteins or domains that could be assayed in a proteome. As shown in the two 

examples above, in most reported SPROX studies, the typical proteome coverage is only at 

the lower end of ~1000 proteins in human cells, raising a serious concern of false negatives. In 

a recent high-resolution implementation of SPROX analysis, the denaturation curves for the 

proteome of a human fibroblast cell line were extensively populated with 30 different denaturant 

concentration points between 0 and 3 M of GdmCl, using 3 sets of TMT-10plex reagents.90 The 

dataset contains quantitative information for 10,412 unique Met-containing peptides in 3,158 

protein groups, representing a valuable resource for understanding protein thermodynamics in 

cell lysate through the lens of methionine oxidation. However, the analysis of the baseline 

methionine oxidation level in the absence of denaturant suggested a bimodal distribution, in 

which about one-half of methionine residues were actually highly solvent-exposed. It also 

suggested that thermodynamic folding parameters could only be derived for ~20% (~1,800) of 

measured Met-containing peptides which had a low-to-moderate baseline oxidation level and 

were well fitted into a two-state unfolding transition model.90 Therefore, the information collected 

from SPROX assay only presents a partial picture. One solution is to expand the chemical 

labeling reaction to other amino acids. For instance, Xu et al. successfully developed a similar 

labeling protocol as SPROX on tryptophan (Trp) residues, and combined these two protocols 

to increase the peptide and protein coverage by 50% and 25%, respectively.91 Last but not 
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least, Met is not conformotypic per se, the changes of susceptibility of Met to oxidation don’t 

directly reflect the location of binding sites. The observed changes of susceptibility of 

methionine oxidation in SPROX assay could be due to either direct or indirect binding effects. 

Therefore, further biochemical experiments are still needed once the initial hits are identified. 

 

4. Limited proteolysis-based target deconvolution – DARTS and LiP-MS 

4.1 Drug affinity responsive target stability (DARTS) 

Early on it was known that ligand binding events tends to stabilize the protein and the latter 

becomes resistant to protease digestion globally (with a conformation of lower overall energy 

state) or locally (through masking of proteolytic sites).92,93 Taking advantage of the reduction of 

proteolysis susceptibility of the proteins when bound to their ligands, the drug affinity responsive 

target stability (DARTS) assay was developed to probe the direct interactions of ligands to 

proteins.26 In one proof-of-concept example, when tested in human Jurkat cells, the incubation 

of an anti-cancer marine natural product didemnin B protected its known target EF-1 from 

proteolysis by a broad-specificity protease thermolysin. DARTS has also been applied as a 

discovery tool to identify protein targets of drugs/compounds and understand their MoAs.31,94 

For example, a discovery focused DARTS experiment was carried out in the first DARTS report 

to identify the protein target of resveratrol, a compound commonly found in red grapes and with 

potential beneficial effects. Yeast cell lysates pulsed with resveratrol, as well as vehicle, were 

subject to proteolysis treatment and then resolved on SDS-PAGE before silver staining. The 

protein bands with differential intensity were excised to undergo mass spectrometry analysis, 

revealing the target identity of eIF4A.26 Although DARTS is straightforward to implement with 

crude lysate, it relies on a visual discerning of the protein bands with differential intensity on 

SDS-PAGE gel, thus the actual sampling proteome space in DARTS assay is limited to the 

relatively high-abundant proteins. In addition, DARTS would not work for proteins or protein 

domains that are resistant to proteolysis under native conditions. 

4.2 Limited proteolysis-coupled mass spectrometry (LiP-MS) 

The same biophysical principle as used in DARTS was also exploited by the limited 
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proteolysis-coupled mass spectrometry (LiP-MS) method.27,95 Limited (or native) proteolysis 

has been used for decades to characterize the structural or conformational features of purified 

proteins such as flexible loops/sites, partly folded states, and protein aggregation.96 The method 

involves the treatment of protein samples with broad-specificity proteases (e.g., proteinase K, 

thermolysin or pronase) under controlled conditions (i.e., under non-denaturing condition, with 

a low protease to protein ratio and with short exposure time), so that initial cleavage sites 

(termed LiP sites) are dictated by the structural features of the proteins. Then the protein 

samples (including the generated large protein fragments) are denatured and followed with a 

complete tryptic digestion. Finally the peptides are analyzed and quantified by LC-MS.95 The 

two-step workflow of the LiP-MS approach is outlined in Fig 3. If the LiP sites are 

conformationally affected by the interacting ligands to confer altered proteolysis susceptibility, 

these LiP site-containing peptides would show differential abundances from the protein 

samples in the presence or absence of a ligand.27 The peptide samples are typically analyzed 

by a discovery mode bottom-up proteomics on a high-resolution mass spectrometer and 

subsequently analyzed with a hypothesis-driven targeted proteomics approach such as 

selected reaction monitoring (SRM).95,97 Similar to the validation role of WB-based CETSA, the 

targeted LiP analysis enabled by SRM is good for reproducibly monitoring a handful of peptides 

on the proteins of interest with greater specificity. Once the altered peptide sequences are 

confirmed, they can be mapped onto secondary structure or 3D structure of the parent protein, 

if available, to help understand the topological and biophysical source of the observed 

conformational changes. Afterwards, new hypotheses regarding the functional relevance of the 

structural changes can potentially be formulated and tested in follow-up experiments. For 

instance, the altered intracellular level of fructose-1,6-bisphosphate (FBP) upon the switch of 

growth medium from glucose to ethanol gave LiP site pattern changes indicating structural 

rearrangements of many interacting proteins, including yeast pyruvate kinase Cdc19, a key 

glycolytic enzyme that needs to be functionally modulated for growth medium adaption.27  

4.3 LiP-MS for drug target deconvolution 

The LiP-MS workflow can in principle be applied to complex biological samples on a 

proteome-wide scale. Compared to DARTS, it allowed for relatively low-abundant proteins or 
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proteins that only yield subtle domain-level structural changes upon ligand binding to be 

detected. The proteome-wide application of LiP-MS has however so far been mostly confined 

to relatively simple microbial organisms such as E. coli and Saccharomyces cerevisiae, as the 

complexity of semi-tryptic peptides generated in the LiP step poses serious analytical and 

computational challenges.95 In a recent systematic application of LiP-MS on the study of 

metabolite–protein interactions in E.coli, Piazza et al. compiled a database of a candidate 

metabolite–protein interactome consisting of 1678 interactions and 7345 putative binding 

sites.98 

Very recently, the combination of LiP principle with a machine learning-based scoring 

framework, termed LiP-Quant, allowed for the identification of drug targets in a complex 

proteome of human cell lysate.99 In order to discriminate or prioritize the true targets, Piazza et 

al. first performed LiP-MS experiments on HeLa cell lysate for a series of concentrations of six 

ground truth compounds, and then based on known target information, they managed to use 

machine learning to derive a scoring scheme integrating four key features for peptide ranking 

and hit identification.99 When tested for a research fungicide compound with an unknown MoA, 

BAYE-004, in a mold crop parasite Botrytis cinereal, they identified two kinases including 

Bcin06g02870 (a casein kinase I homologue) as candidate targets. The engagement of His-

tagged Bcin06g02870 expressing in Botrytis cinereal with BAYE-004 was confirmed in a WB-

CETSA experiment. BAYE-004 was also shown to inhibit the phosphorylation activity of purified 

MBP-tagged Bcin06g02870. Interestingly, the mass center of the identified high scoring LiP-

Quant peptides of Bcin06g02870 is positioned in proximity to the catalytic ATP-binding site, 

corroborating the hypothesis that BAYE-004 exerts its growth inhibition effect through binding 

to the active site of Bcin06g02870.99  

4.4 Assessment of LiP-MS in drug target deconvolution 

Different from bottom-up quantitative proteomics, in which the protein abundances are 

summed up from quantified peptide abundances, the LiP-MS experiment focuses on the 

peptide-level but not the protein level information, as the complex mixture of non-tryptic, semi-

tryptic and fully tryptic peptides precludes an accurate estimate of total protein abundance. It is 

possible to use LiP-MS to pinpoint the regions at which the conformations are affected by ligand 
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binding.95,98 By projecting the identified LiP hit peptides onto the available protein structures, 

the estimated drug binding sites (i.e., geometric coordinate center of the mass of the LiP peptide 

atoms) are indeed within the proximity of the known binding sites, at a range of no more than 4 

Å for 5 out of 7 tested cases.99  

As mentioned above, for LiP-MS, the sample complexity poses a technical challenge for 

measurement and analysis. In early experiments, shotgun proteomics of typical data-

dependent acquisition (DDA) mode was used95, and in the most recent application (i.e., LiP-

Quant), data-independent acquisition (DIA) mode was adopted.99 The DDA mode acquires a 

limited sequence of fragment ion scans (MS2) after a survey scan (MS1), therefore the selected 

peptides for measurement are largely biased by their relative signal intensity. The DIA mode, in 

theory, allows for much better peptide coverage for comprehensive and reproducible analysis 

of complex samples.100 The target identification performance of LiP-Quant was also 

benchmarked with the pan-kinase inhibitor staurosporine. Slightly fewer kinase targets were 

identified as hits compared to the original staurosporine MS-CETSA study, but the performance 

could be improved by longer instrument measurement time and better proteome sequence 

coverage.99 In the original LiP-Quant study, 5000-6000 proteins were quantified in HeLa cells, 

reaching a similar depth as typical MS-CETSA analysis. We expect the continuous 

development of DIA experimental and analytical workflow to permit more consistent and 

accurate evaluation of ligand-binding induced conformational changes in future LiP-Quant 

studies.  

 

5. Differential solubility-based target deconvolution – SIP 

Recently, Zhang et al. developed a new approach named solvent-induced protein 

precipitation (SIP), which is based on the observation that compared to free proteins, ligand-

bound proteins are more tolerant to organic solvent-induced protein precipitation.28 More 

specifically, the cell lysate aliquots in the presence and absence of ligand of interest are 

equilibrated with a series of concentrations of a mixed organic solvent (acetone/ethanol/acetic 

acid = 50:50:0.1) to initialize protein denaturation and precipitation. Subsequently, the samples 

are subjected to centrifugation and the supernatants are collected for quantification. In the first 
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report, however, the adopted proteome analysis method was stable isotope dimethyl labeling, 

so that only the two samples with and without drug treatment from the same solvent 

concentration could be combined in a single MS run for comparative analysis (Fig 4).101  

The SIP approach was also applied to staurosporine in the context of 293T cell extract. 

Three different solvent concentrations were tested and only 19 protein kinases in total were 

quantified among the 1854 measured proteins. Although the proteome coverage is poor, there 

were still four kinases showing significant stabilization only in SIP but not in the initial 

staurosporine MS-CETSA study which was performed in K562 cell extract, suggesting some 

extent of complementarity of the different approaches. However, we note these kinases could 

possibly exist in different forms in the different cell lines (293T vs K562).28,46  

Moreover, the SIP approach was also used to discover the off-targets of geldanamycin 

other than HSP90 family members. Interestingly, several potential off-targets including NADH 

dehydrogenase subunits NDUFV1 and NDUFAB1 were identified for the first time. Among 

these, the top hit NDUFV1 was validated by Western blotting. An ITDR type analysis indicated 

the half-saturation point of NDUFV1 by geldanamycin was ~10 M while the value for the well-

known protein target HSP90AB1 by geldanamycin was only ~1 M, suggesting a limiting 

dosage range to prevent unwanted side effects such as hepatotoxicity.28 It is worth mentioning 

that, in theory the proteome coverage in SIP could have been similar to the one from a typical 

MS-CETSA experiment, if the off-line peptide prefractionation was integrated; the coverage in 

SIP should be superior to SPROX and LiP-MS, as the latter two are intrinsically more complex.  

 

6. Summary and Outlook 

Ligand binding events are closely linked to the structural and thermostability states of the 

interacting protein. As detailed above, almost all these label-free target deconvolution 

approaches have cleverly exploited certain aspects of the biophysical features accompanying 

the binding of ligands to target proteins in their native forms. Compared to ABPP (activity-based 

proteome profiling) strategy that focuses on inhibitors acting on the, typically, catalytically active 

sites, label-free approaches can more broadly be used to report on the target engagement of 
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molecules to any pockets or binding sites on proteins. Moreover, such approaches do not 

specifically cater to one or a few particular class(es) of proteins (i.e., independent of 

biochemical activities and functions), but are general enough to be applicable to whole 

proteomes. Nevertheless, compared to classical proteomics, at the lysate sample preparation 

stage, denaturing reagents (e.g., urea, SDS) should be omitted to preserve structural features 

of the native proteome as much as possible before downstream perturbation or measurement. 

Therefore, in most reported cases, a native extraction buffer without denaturing detergent or 

chaotropic reagents has been used for cell lysis, and this lysate preparation largely contains 

the soluble, native proteome. These label-free approaches are thereby limited to the protein 

targets in the soluble proteome. The addition of a mild, non-ionic detergent such as NP-40 has 

been explored for the expansion of proteome coverage for evaluation and demonstrated to be 

beneficial in some specific cases.102,103 For example, multipass transmembrane proteins 

including ion channels, transporters and GPCRs (G protein-coupled receptors) has recently 

been successfully demonstrated amenable to CETSA analysis using modified protocols.103 

For the label-free target deconvolution approaches, we have largely focused on the read-

out by untargeted mass spectrometry-based proteomics. Although MS-based proteomics 

remains technically-demanding and access to a well-maintained MS platform is still limited for 

many laboratories worldwide, we believe these limitations can be partially mitigated as the MS 

instruments and protocols are continuously being improved, hence, lowering technical 

barriers.104-107 When current MS-based proteomics has not yet permitted a complete proteome 

coverage and the true hit proteins may simply not be detected, especially when in low 

abundance, which has important implications for false negatives.  

Each of these label-free methods has its unique advantages and associated limitations, 

as summarized in Table 2. However, there are still limited studies on the direct comparisons of 

these different methods. The first direct comparison of four different label-free methods 

(including MS-CETSA, CPP, STEPP-PP, and SPROX) was recently made using a well-studied 

ligand, cyclosporine A in yeast cell lysate.108 As we have detailed above, these four methods 

are different in terms of underlying principles and practical operations. The data indeed 

suggested that there is an extent of complementarity among the different methods, and that 
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running two or more methods in parallel or in tandem, might reduce false negative rates, give 

valuable information, as well as provide cross-validation.108 Since working protocols for the key 

methods have been documented in great detail45,61,95,109,110, the sample preparation steps 

before MS measurement should in principle be accessible for most biochemistry labs. The end 

users should select the most appropriate method depending on their scientific question, the 

characteristics of compounds as well as the available reagents and instrumentation. Among the 

different approaches, we believe CETSA offers particular advantages with respect to a rich 

information content and flexible assay setup, permitting experiments in cell lysates, living cells 

and tissues, which is supported by its ever-increasing number of applications (Table 1).  

Once potential target proteins of drugs-of-interest are deconvoluted, orthogonal validation 

experiments must be conducted for confirmation. These could include classic biophysical 

assays such as SPR and ITC when purified proteins are available, or complementary genetic 

techniques involving RNAi (RNA interference) and CRISPR (clustered regularly interspaced 

short palindromic repeats). Once the direct target is validated, further follow-up experiments 

using cell-biological and biochemical assays will generate more mechanistic insights into the 

effect of the interactions between drugs and target proteins. The underlying biophysics of these 

label-free target deconvolution approaches does not by itself provide information on the nature 

or source of the changes in the thermal stability, chemical modification, and protease 

accessibility, therefore functional studies should be designed to associate molecular target with 

the observed phenotype.111  

The development of label-free methods has opened up a wide window for studying the 

interaction of bioactive small molecules with proteins in physiologically-relevant proteomes. 

With the advancement of target deconvolution strategies, it is conceivable to see reinvigorated 

interests in the widespread adoption of high-throughput phenotypic screenings for drug 

development in the foreseeable future.  
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Table 1: Discovery of the drug-target relationship explored by mass spectrometry-based and proteome-wide label-free methodology (i.e., MS-CETSA, 

SPROX, LiP-MS, and SIP) † 

Method Drug Chemical origin or 

biological function 

Cell line or 

model 

studied 

Known protein 

targets 

Newly discovered protein 

targets 

Comments/Highlights Ref 

MS-

CETSA 

Staurosporine Promiscuous ATP-

competitive kinase 

inhibitor 

K562 

erythroleukemi

a cell 

Protein kinases Non-kinase proteins including 

coproporphyrinogen-III 

oxidase (CPOX) and 

ferrochelatase (FECH) 

As a common tool compound 

for evaluating assay 

performance; also used in the 

AfBPP (affinity-based protein 

profiling) type of target 

deconvolution in “kinobead” 

experiments 

46,69 

 Vemurafenib An inhibitor of the B-

Raf enzyme for the 

treatment of late-stage 

melanoma 

K562 

erythroleukemi

a cell 

Serine/threonine-

protein kinase B-

Raf (BRAF) 

Ferrochelatase (FECH) Explained the phototoxicity 

side effect observed in clinic 

46 

 Alectinib; 

Crizotinib 

Inhibitors for anaplastic 

lymphoma kinase 

(ALK) and used to treat 

non-small-cell lung 

cancer 

K562 

erythroleukemi

a cell 

Anaplastic 

lymphoma kinase 

(ALK) 

Ferrochelatase (FECH) for 

Alectini but not Crizotinib 

Explained the phototoxicity 

side effect observed in clinic 

46 

 (S)-crizotinib (S)-enantiomer of 

crizotinib, a kinase 

inhibitor 

Colon 

carcinoma cell 

line SW480 

Human mutT 

homolog 1 (MTH1) 

No other confidently identified 

hits  

A few other potential proteins 

including POLA1, but were not 

verified by other follow-up 

experiments 

112 
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 Methotrexate Antimetabolite drug K562 

erythroleukemi

a cell 

Dihydrofolate 

reductase (DHFR), 

Thymidylate 

synthase (TYMS) 

No other confidently identified 

hits 

A few other potential proteins, 

but were not verified by other 

follow-up experiments 

112 

 Panobinostat FDA approved drug for 

treatment of multiple 

myeloma and is 

currently in clinical trials 

for other malignant 

diseases 

Human 

hepatic cell 

line HepG2 

Histone 

deacetylases 

(HDACs) 

Tetratricopeptide repeat 

domain 38 (TTC38) and 

Phenylalanine hydroxylase 

(PAH) 

A successful demonstration of 

MS-CETSA in understanding 

off-targets and adverse effect 

for a clinical drug 

56,64 

 Palbociclib CDK4/6 inhibitor, for 

the treatment of HR-

positive and HER2-

negative breast cancer 

Human breast 

cancer cell line 

MCF7  

Cyclin-dependent 

kinases CDK4 and 

CDK6 

No direct target protein 

confirmed, but found 

palbociclib induces a thermal 

stabilization of the 20S 

proteasome through 

dissociation with ECM29 

protein 

Identified key mediators 

responsible for palbociclib-

induced senescence 

55 

 TH1579 

(Karonudib) 

A more potent and 

orally available MTH1 

inhibitor derived from a 

previous generation 

inhibitor TH588 

Transformed 

Human BJ 

foreskin 

fibroblast cell 

BJ-hTERT-

Ras-SV40T 

Human mutT 

homolog 1 (MTH1) 

No other confidently identified 

hits 

MTH1 is the most prominent 

hit among 6405 completely 

measured proteins, but false 

negative was still possible 

113 

 a131 A small-molecule that 

can efficiently kill Ras-

transformed cancer 

cells, but not normal 

counterparts, identified 

from a phenotypic 

screen 

Human BJ 

foreskin 

fibroblast cell 

Target unknown Phosphatidylinositol 5-

phosphate 4-kinases (PIP4Ks) 

The first successful application 

of MS-CETSA for the target 

deconvolution of a phenotypic 

screening hit 

57 
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 Trichloroethene A chemical 

compound/organic 

solvent can be utilized 

by S. multivorans as 

electron acceptor for 

growth 

Anaerobic 

bacteria 

Sulfurospirillu

m multivorans 

Tetrachloroethene 

reductive 

dehalogenase PceA 

A few other potential targets 

including the putative 

response regulator 

SMUL_1539 

Modification of protocol for 

allowing the investigation of 

oxygen-sensitive proteins; use 

label-free quantitative MS; 

proof-of-concept work of 

enzyme-substrate interactions 

58 

 Ampicillin An antibiotic that 

inhibits peptidoglycan 

biosynthesis 

Escherichia 

coli 

Penicillin-binding 

proteins (PBPs) 

-lactamase AmpC Live cell experiment showed 

the thermal shifts of many 

downstream proteins other 

than cell-wall-related-process  

52 

 Ciprofloxacin An antibiotic that 

impairs DNA replication 

Escherichia 

coli 

DNA gyrase 

(GyrAB) and 

topoisomerase 

(ParCE) 

No other confidently identified 

hits 

Live cell experiment showed 

the degradation of LexA, the 

thermo-stabilization of RecA, 

and the up-regulation of SOS 

genes, such as YebG 

52 

 JQ1 An inhibitor of the 

bromodomain and 

extra-terminal domain 

(BET) family proteins 

Human 

monocytic cell 

line THP-1 

BET proteins forty-two-three domain-

containing protein 1 (FYTTD1), 

Sterol O-acyltransferase 1 

(SOAT1) 

Identified new off-targets for 

JQ-1 compound, which also 

affects the sterol biosynthesis 

pathway in intact cell 

experiments, distinct from 

another BET inhibitor I-

BET151 

64 

 Quinine;  

Mefloquine 

Quinoline drug class for 

the treatment of malaria 

disease in clinic 

Plasmodium 

falciparum 

No specific targets 

of quinine has been 

reported yet; 

Mefloquine inhibits 

translation through 

80S ribosome 

binding 

P. falciparum purine 

nucleoside phosphorylase 

(PfPNP) 

The first implementation of 

MS-CETSA for antimalaria 

drug target deconvolution 

60 
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 Hydralazine FDA-approved drug 

used in the treatment of 

hypertension, heart 

failure and cancer 

Caenorhabditi

s elegans 

Known to activate 

the NRF2/SKN-1 

pathway and 

extends C. elegans 

lifespan 

cAMP-dependent protein 

kinase (PKA) 

The interaction was supported 

by in silico docking and PKA 

activity measurements 

114 

 132-Hydroxy-

pheophytin 

A chlorophyll derivative 

compound isolated 

from a marine 

cyanobacteria with 

lipid-reducing activity 

Human 

hepatic cell 

line HepG2 

Target unknown 9 potential targets including 3 

proteins IDH1, ALDH1B1 and 

PSAT1 that could be relevant 

Prepare soluble subproteome 

sample after centrifugation at 

100,000 g for 60 min to get rid 

of microsome; use label-free 

quantitative MS 

115 

 [(bis-

NHC)Pt(bt)]PF6 

A member of anti-tumor 

Platinum [Pt(II)] 

complexes 

Human non-

small cell lung 

carcinoma 

NCI-H460 

cells 

Target unknown Asparagine synthetase 

(ASNS) 

Ferrochelatase (FECH) and 

glutathione S-transferase Mu 1 

(GSTM1) could be other 

potential (off-)targets. 

116 

 SB2001 A cytotoxic agent that 

acts specifically against 

HeLa human cervical 

cancer cells but not the 

CasKi cervical cancer 

cells 

Human 

cervical cancer 

cell line HeLa 

Target unknown Leukotriene A4 hydrolase 

(LTA4H) and MutT homolog 1 

(MTH1) 

SB2001 differs from the typical 

MTH1 inhibitors, via dual 

inhibition of LTA4H and MTH1 

117 

 Longdaysin; 

Roscovitine; 

SP600125 

Circadian period–

lengthening 

compounds 

Human 

osteosarcoma 

U2OS cells 

Targets not well 

defined 

Multiple targets including 

FBX21, RPL37, RABEP1, and 

CSTF2T 

An example of integrating 

multipronged proteomics 

approaches, including global 

proteome, phosphoproteome, 

kinome mapping, and MS-

CETSA 

118 
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 ACT-001 

(dimethyl amino-

micheliolide) 

A guaianolide 

sesquiterpene lactone, 

in phase I clinical trial 

for the treatment of 

glioblastoma (GBM) 

Human brain 

glioma 

U118MG cells 

Target unknown Plasminogen activator 

inhibitor-1 (PAI-1) 

Combined label-free 

quantitative proteomics with 

CETSA 

119 

 DDD100097 A potent inhibitor of 

Trypanosoma brucei 

NMT (TbNMT) protein 

screened from a 

biochemical enzymatic 

assay  

Leishmania 

donovani 

promastigotes 

Leishmania N-

Myristoyltransferase 

(LmNMT) 

No other confidently identified 

hits 

Pharmacologically validated 

NMT as a therapeutic target in 

Leishmania parasites 

120 

 Clemastine An over-the-counter 

antihistamine drug, 

which also inhibits 

multiple stages of the 

Plasmodium parasite 

Plasmodium 

falciparum 

Histamine H1 

receptor in human, 

but no obvious 

homolog found in 

Plasmodium 

P. falciparum TCP-1 ring 

complex or chaperonin 

containing TCP-1 (TRiC/CCT) 

MS-CETSA revealed the 

thermal shift of the whole 

complex in, while parallel 

SPROX analysis suggested an 

interaction of clemastine with 

the TRiC/CCT delta subunit 

86 

 ENH1 

(GSK260205A) 

An ATP analog 

exhibiting potent 

antiparasitic activity 

against T. gondii and P. 

falciparum 

Toxoplasma 

gondii 

Target unknown, 

phenotypically can 

perturb calcium 

homeostasis 

Calcium-dependent protein 

kinase 1 (CDPK1) 

Additional targets await to be 

discovered for explaining 

ENH1-induced calcium fluxes 

121 

 Harmine Kinase inhibitor K562 

erythroleukemi

a cell and 

mouse brain 

cortical tissue 

Dual specificity 

tyrosine 

phosphorylation 

regulated kinase 1A 

(DYRK1A) in K562; 

Monoamine oxidase 

A (MAOA) in mouse 

cortex 

Other protein kinases including 

CDK8, CDK9, and CSNK1G3 

in K562 cell 

Together with Staurosporine, 

used for the evaluation of iTSA 

method  

69 
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 Vioprolide A A natural bioactive 

metabolite isolated 

from myxobacteria 

Cystobacter violaceus, 

with potent anti-cancer 

activity 

Acute 

lymphoblastic 

leukemia cell 

line Jurkat 

Target unknown Nucleolar protein 14 (NOP14) AfBPP strategy was not 

successful in this case, 

presumably the chemical 

modification perturbed the 

binding properties 

122 

 Auranofin An FDA-approved gold-

containing molecule for 

the treatment of 

rheumatoid arthritis 

Human 

colorectal 

carcinoma 

HCT116 cells 

Thioredoxin 

reductase 1 

(TXNRD1) 

Additional indirect targets 

including NFKB2 and 

CHORDC1 

Integrated use of 3 orthogonal 

chemical proteomics methods, 

MS-CETSA together with 

expression proteomics and 

redox proteomics, confirmed 

the main effect of auranofin in 

the perturbation of 

“oxidoreductase” pathway 

123 

 RITA; 

aminoflavone; 

oncrasin-1 

Potent anti-cancer 

agents, with similar 

sensitivity correlation 

result in NCI-60 

database 

Human breast 

cancer cell line 

MCF7 

Target unknown 8 common hits for all three 

drugs including TBC1D24, 

MRPL10, CUL7, RBM8A, 

CIRBP, TIAL1, SMARCB1, and 

NXF1; RNA processing as a 

common affected pathway 

Live cell CETSA experiment, 

although with short treatment, 

cannot guarantee the direct 

interactions with the 

aforementioned proteins 

124 

 IPR-2025 A potent inhibitor of 

glioblastoma multiforme 

(GBM) from a 

phenotypic screen 

Patient-

derived 

primary glioma 

cell line 

GBM43 

Target unknown Potentially multiple targets 

including receptor of activated 

protein C kinase 1 (RACK1) 

Employment of an integrated 

analysis of computational, 

RNA-seq and MS-CETSA data 

for target deconvolution 

125 
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 Arone A natural small-

molecule from 

medicinal plant 

Artemisia giraldii, with 

significant anti-

neuroinflammation 

effect 

Murine 

microglial cells 

BV-2 

Target unknown Histone chaperone ASF1a A new measurement format by 

coupling SILAC proteomic 

technology to CETSA assay 

126 

 Curcumol A guaiane-type 

sesquiterpenoid 

hemiketal isolated from 

herbal medicine plant 

Rhizoma Curcumae 

with anti-inflammatory 

and anti-cancer activity 

Human A549 

non-small cell 

lung cancer 

(NSCLC) cells 

Target unknown for 

its activity of 

sensitizing NSCLC 

cells for TRAIL-

induced apoptosis 

NRH:quinone oxidoreductase 

2 (NQO2) 

Also couple SILAC proteomic 

technology to CETSA assay 

127 

 22 potential anti-

SARS-CoV-2 

compounds 

including 

remdesivir 

FDA-approved antiviral 

compounds  

Human 

hepatic cell 

line HepG2 

Targets not well 

defined 

Many potential drug–target 

interaction relationships were 

discovered, including a 

prominent destabilization of 

pachytene checkpoint protein 

2 homolog (TRIP13) by 

remdesivir 

The first study MS-CETSA of 

comparatively analyzing a 

panel of antiviral compounds, 

in compressed “one-pot” format 

128 

SPROX Cyclosporin A A fungal metabolite with 

immunosuppressive 

activity 

Yeast Cyclophilin A, UDP-

glucose-4-

epimerase 

8 new proteins including 

several hits involved in 

glucose metabolism 

First showcase of SPROX in 

discovering both direct and 

indirect drug–compound 

interactions 

79 

 Resveratrol A natural stilbenoid 

commonly from red 

grapes with eIF4A 

inhibition and lifespan 

enhancing effect 

Yeast Aldehyde 

dehydrogenase, 

eIF4A 

6 new proteins including 4 

proteins associated with 

translation machinery 

The known target protein eIF4A 

was not identified in this 

experiment 

129 
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 Manassantin A A dineolignane isolated 

from Saururus cernuus 

and Saururus chinensis 

with anti-cancer effect 

Human breast 

cancer cells 

MDA-MB-231 

Target unknown Filamin A and elongation factor 

1α (EF1α) 

Total 28 target proteins were 

found by iTRAQ-SPROX and 

SILAC-PP, and only 2 hits 

(listed in the left column) were 

identified using both methods 

81 

 Tamoxifen and 

its active 

metabolite N-

dimethyl 

tamoxifen 

An estrogen modulator 

for breast cancer 

treatment 

Human breast 

cancer cells 

MCF7 

Estrogen receptor Y-box protein binding 1 (YBX1) This interaction was further 

validated with the pulse 

proteolysis method 

85 

 Clemastine An over-the-counter 

antihistamine drug, 

which also inhibits 

multiple stages of the 

Plasmodium parasite 

Plasmodium 

falciparum 

Histamine H1 

receptor in human, 

but no obvious 

homolog found in 

Plasmodium 

Plasmodium TRiC delta 

subunit 

MS-CETSA revealed the 

thermal shift of the whole TRiC 

complex, while parallel SPROX 

analysis suggested an 

interaction of clemastine with 

the TRiC delta subunit 

86 

LiP-MS BAYE-004 A research fungicide 

compound inhibiting 

cell growth of Botrytis 

cinereal 

Botrytis 

cinereal 

Target unknown Bcin06g02870 (Botrytis 

cinereal homologue of casein 

kinase 1) 

Combining LiP with a machine 

learning-based scoring 

framework for target 

deconvolution in complex 

proteomes; the interaction 

between BAYE-004 and 

Bcin06g02870 was further 

validated by CETSA 

99 

SIP Geldanamycin A macrocyclic 

polyketide originally 

discovered from 

Streptomyces 

hygroscopicus with 

anti-cancer effect 

Human 

immortal 

cervical cancer 

cells (HeLa) 

HSP90 family 

members 

NADH dehydrogenase subunit 

NDUFV1 

Found a potential off-target of 

Geldanamycin, at a potency of 

about 10-fold lower than 

Geldanamycin–HSP90 

interaction 

28 
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† Although the protein targets for quite a handful of bioactive small molecules have been successfully identified by DARTS, it is severely limited by the low 

resolving power of gel electrophoresis, therefore we view this method not truly at the proteomic level, thus omitting it for tabulation. Similarly, the gel 

electrophoresis also limits the original implementation of PP. While the development of new pulse proteolysis methods (i.e., PePTID and STEPP-PP) as well as 

CPP have extended the measurement to the proteomic level, the applications have been so far limited to proof-of-concept experiments.  
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Table 2: Pros and Cons of different mass spectrometry-based and proteome-wide label-free 

target deconvolution approaches 

 Key advantages or 

strengths  

Main caveats or 

limitations 

Proteome 

coverage †  

MS-

CETSA 

• Easy to implement, 

flexible setup and versatile 

formats; 

• Compatible to 

live/intact cells and tissues; 

• Advantageous to 

compounds that need 

cellular metabolism for 

activation; 

• Could reveal 

downstream effect when 

dosed in live cells 

• Some proteins do not 

necessarily change Tm 

upon ligand binding; 

• Some proteins have 

very low or high Tm, could 

be challenging 

• ~5000-8000 

proteins for 

Human proteome 

samples 

SPROX • Domain level binding 

information;  

• Able to derive 

thermodynamic parameters 

• Only measure 

Methionine-containing 

peptides;  

• Relatively high 

demand on starting cell 

material 

• ~1000 

proteins for 

Human proteome 

samples 

LiP-MS 

/ LiP-

Quant 

• Domain level binding 

information; 

• Informative when 

protein structural 

information is available 

• Need to optimize 

experimental conditions;  

• Complex samples to 

measure and analyze 

• ~5000-6000 

proteins for 

Human proteome 

samples (DIA 

acquisition) 

SIP • Relatively easy to 

implement 

• Need to handle 

organic solvent 

• ~1000-2000 

proteins for 

Human proteome 

samples  

† Note the different cell samples (organisms, cell lines etc) as well as mass spectrometry 

sample preparation and acquisition methods used in different experiments.  

 

Figure legend 
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Figure 1: The scheme of CETSA approach for drug target deconvolution based on the 

enhanced resistance to thermal denaturation of target proteins upon ligand binding. (A) In 

melting curve CETSA analysis, live cells or cell lysates (by a native proteome extraction) are 

first aliquoted and treated with drug or vehicle, then subjected to a range of different 

temperatures. Next, cell samples are lysed (this step is skipped for cell lysate samples) and 

soluble proteins are isolated by centrifugation. The soluble proteins are loaded onto an SDS-

PAGE gel for semi-quantitative Western blotting analysis using a target protein-specific 

antibody. The melting curve (and Tm, the temperature at which 50% of the protein remain 

soluble) for the protein of interest in the samples with- and without- drug treatment could be 

determined. The extent of difference in melting curve profiles (which could be quantified using 

a simple parameter such as Tm or other metrics) of a protein in drug-treated vs vehicle-treated 

samples is indicative of the ligand binding-induced thermal stabilization. In other words, proteins 

with larger Tm shift are the potential drug-interacting target proteins. (B) In mass spectrometry 

(MS)-CETSA melting curve analysis, the collected soluble protein fractions post heating and 

centrifugation are individually processed with standard bottom-up proteomics sample 

preparation protocol (i.e., protein denaturation, reduction, alkylation and digestion into peptides) 

and labeled with TMT isobaric tags. Finally, they are combined and quantified with TMT-based 

multiplexed proteomics method on a high-resolution mass spectrometer. During MS analysis, 

the TMT-conjugated peptides can be identified in MS1 and the amounts of peptides in each 
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channel (i.e., each soluble fraction sample) can be quantified in MS/MS (tandem MS, MS2) 

using TMT reporter ions produced during fragmentation. The melting curves for all the 

measured proteins in each sample (treated with drug or not) could then be determined in a 

high-throughput manner. Similarly, as done in (A), the Tm based metric could be calculated 

to rank the most promising drug-interacting target proteins in the whole proteome. (C) In ITDR-

MS-CETSA analysis, live cells or native proteome extractions are first aliquoted and treated 

with various concentrations of drug at a specified heating temperature (whereas the 37℃ is 

typically used as a mock heating control group). Then the samples are subjected to the similar 

processing procedures as detailed in (B) for TMT-based multiplexed proteomics measurement. 

A significant difference in isothermal curves of a protein at a heating temperature vs at 37 ℃ 

(which could be quantified by the difference of area under the curve) signals the occurrence of 

target protein engagement. With TMT-based multiplexed proteomics methods, the ligand–

target engagement can be evaluated on a cellular proteome scale. 

 

 

Figure 2: The scheme of SPROX approach for drug target deconvolution based on the 

differential susceptibility of methionine oxidation in target proteins upon ligand binding. (A) 

SPROX coupled to TMT/iTRAQ-based multiplexed proteomics. First, soluble cell lysates are 

prepared by a native proteome extraction and treated with drug or vehicle. Then aliquots of the 

drug- or vehicle-treated extracts are subjected to a series of increasing concentrations of 
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chemical denaturant (such as urea and guanidine hydrochloride) followed by a constant amount 

of H2O2, which is used to initiate the oxidation of the solvent-exposed methionine residue (Met) 

in proteins. The oxidation process is quenched after an appropriate period of time. The samples 

are subsequently subjected to proteomic sample preparation and TMT/iTRAQ isobaric tags 

labeling. TMT/iTRAQ labeled peptides from drug- or vehicle-treated samples are pooled 

together for LC-MS/MS detection. Thereby, the fractions of oxidized (or unoxidized) Met-

containing peptides across the samples treated with increasing denaturant concentrations can 

be quantified in parallel. The shift of transition midpoint for SPROX curve (i.e., the concentration 

of denaturant at which half of the Met is oxidized) in Met-containing peptides in the presence of 

drug vs vehicle indicates the occurrence of ligand-induced thermodynamic changes, i.e., drug–

target protein engagement. (B) SPROX coupled to SILAC method. First, cells are cultured in 

the presence of standard light or heavy amino acids (such as lysine/arginine) to prepare light-

labeled (L) and heavy-labeled (H) cell lysates. Light and heavy cell lysates are incubated with 

vehicle or drug solution, respectively. Next, similar to (A), aliquots of light and heavy cell lysates 

are subjected to a series of increasing concentrations of denaturant and a constant amount of 

H2O2 for a specified period of time. The oxidation process is quenched and the paired light and 

heavy samples with matching denaturant concentration are combined for LC-MS/MS analysis 

in duplex. As the peptides from light and heavy lysate samples are isotopically distinct, they can 

be distinguished in MS1. As depicted, each MS spectrum corresponds to a snapshot of the 

mixed sample with matching denaturant concentration. The distribution of the L/H ratios for the 

Met-containing peptides across the samples treated with increasing denaturant concentrations 

is evaluated to identify hit peptides, which should have significantly altered L/H ratios at two or 

more consecutive denaturant concentration points. When there is no interaction between tested 

drug and measured peptides, the L/H ratios should be constant around 1.  
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Figure 3: The scheme of LiP-MS approach for drug target deconvolution based on the 

alterations of proteolytic patterns of target proteins upon ligand binding. The experiment starts 

with the extraction of soluble proteins under native condition to best preserve their native 

structures. Aliquots of proteome extracts are treated with drug or vehicle, and subjected to two-

step LiP analysis, in which samples are first subjected to a limited proteolysis with non-

sequence specific protease to generate a conformation-specific cleavage pattern, followed by 

a fully tryptic digestion under denaturing conditions. The resulting peptide samples are typically 

analyzed by unbiased shotgun proteomics analysis, so that the proteolytic patterns in drug- vs 

vehicle-treated samples are compared in order to discover the LiP site-containing 

conformotypic peptides (highlighted in the dashed line box). As control, same aliquots of 

proteome extract that are only subjected to a single-step fully tryptic digestion under denaturing 

conditions (shown in gray color) could be used for correcting protein abundances. Targeted 

proteomics analysis is a possible add-on to consistently track and quantify conformotypic 

peptides in many different samples. The identification of LiP site-containing conformotypic 

peptides provides the potential/proximal binding site information of the drug–target protein 

engagement. 
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Figure 4: The scheme of SIP method for drug target deconvolution based on the differential 

solubility in organic solvent of target proteins upon ligand binding. First, aliquots of the drug- or 

vehicle-treated native proteome extracts are subjected to increasing concentrations of organic 

solvent to initialize protein denaturation and aggregation. Subsequently, samples are subjected 

to centrifugation and supernatants are collected for bottom-up proteomic sample preparation 

and stable isotopic dimethyl labeling into light and heavy peptides. The peptide samples from 

drug- or vehicle-treatment with matching organic solvent concentration are mixed for LC-

MS/MS analysis in duplex. As depicted, each MS spectrum corresponds to a snapshot of the 

mixed sample. For any one tested organic solvent concentration, the proteins with consistently 

measured fold changes in two biological replicates are identified as potential drug targeting 

proteins. 
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