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a b s t r a c t

Target discovery, involving target identification and validation, is the prerequisite for drug discovery and

screening. Novel methodologies and technologies for the precise discovery and confirmation of drug tar-

gets are powerful tools in understanding the disease, looking for a drug and elucidating the mechanism

of drug treatment. Among the common target identification and confirmation methods, the modified

method is time-consuming and laborious, which may reduce or change the activity of natural products.

The unmodified methods developed in recent years without chemical modification have gradually be-

come an important means of studying drug targets. A wide range of unmodified approaches have been

reported, introducing and analyzing the recent emerging methodologies and technologies. This review

highlights the advantages and limitations of these methods for the application of drug target discovery

and presents an overview of their contributions to the target discovery of small molecule drugs. The

application and future development trends of methodologies in target discovery are also prospected to

provide a reference for drug target research.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Small-molecule drugs are organic compounds with the molecu-

lar weight below 900 daltons. They affect biological processes and

constitute the vast majority of current drugs [1]. However, numer-

ous targets of small-molecule drugs are still waiting to be discov-

ered [2]. Therefore, the discovery and confirmation of protein tar-

gets are of great significance for drug discovery, structural opti-

mization, and the disclosure of related pathways.

Current drug discovery can be classified into two categories, i.e.,

phenotypic drug discovery (PDD) and target-based drug discovery

(TDD) [3]. The former explores the target and mechanism of the

drug relying on the change of biological phenotypes upon the ad-

ministration of the drug. Many currently used drugs are discovered

by this strategy [4], such as artemisinin. Nevertheless, the discov-

ery of the target and mechanism based on PDD still remains elu-

sive, because the relationship between target-drug interaction and

the resulting biological phenotype is still in a “black box”. Differ-

ently from PDD, TDD obtains active compounds based on the spa-

∗ Corresponding authors.

E-mail addresses: qiuling_zheng@cpu.edu.cn (Q. Zheng), dingya@cpu.edu.cn (Y.

Ding).

tial structure of the target protein, and relies more on the methods

of molecular docking simulation, chemical synthesis, and machine

learning [5–7]. Although TDD provides a relatively straightforward

method for drug screening, there are still many unrevealed target

proteins in the body as many drugs exert pharmacological effects

by binding to multiple targets [8,9]. Those unrevealed targets have

been proved one of the important reasons for off-target effect and

adverse reaction, which may lead to the limited efficacy and failure

of treatment [4,10]. Therefore, to develop more accurate and effec-

tive methods for the precise discovery and effective verification of

targets are greatly important for the drug research and develop-

ment.

In recent decades, great efforts have been made in method de-

velopment for drug target discovery [11,12]. Direct target identifi-

cation methods can be mainly divided into two categories, namely

modified and unmodified methods. The common modified method

involves the covalent immobilization of drugs on a selected sta-

tionary phase (e.g., agarose, magnetic beads or microplates) and

capture potential targets among matrices based on affinity. It in-

cludes affinity chromatography [13,14], activity-based protein pro-

filing (ABPP) [15–18], and protein microarray [19] methods, nano-

materials [20,21] have also been used in affinity purification in-

stead of agarose due to their unique properties [22–24]. However,
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Fig. 1. An illustration of main unmodified methodologies for identifying and validating drug targets. The gray sections represent new methods to be developed.

the covalent immobilization of drugs in the modified method may

change their chemical structures and interfere the interactions be-

tween drugs and targets, which requires efficacy validation before

the target discovery study [25]. To address this limitation, a va-

riety of target discovery methods using native chemical structure

of drugs without modification have emerged. These methods in-

clude drug affinity responsive target stability (DARTS) [26], limited

proteolysis-mass spectrometry (LiP-MS) [27], stability of proteins

from rates of oxidation (SPROX) [28], cellular thermal shift assay

(CETSA) [29] and so forth. Proteins undergo property changes af-

ter drug binding, such as conformational changes or sensitivity to

proteolysis. Comparing the difference of proteomics before and af-

ter drug combination can screen out potential target proteins with

characteristic changes. No need to derive the drug on the station-

ary phase, so these methods effectively reduce non-specific inter-

actions and false positive results, showing significant advantages.

Besides, they can simultaneously detect target proteins that di-

rectly interact with drug molecules and that are related to down-

stream pathways.

In this review, we will discuss these unmodified methodology

advances for the target discovery of active molecules, mainly small

molecule drugs, highlighting their achievements and limitations in

drug development. According to the protein properties applied by

various methods, we divide them into four categories, as shown in

Fig. 1. Identifying targets at the initial stage of the drug develop-

ment process establishes the link between drug activity and cell

phenotype, and clarifies the drug action mechanism, which aid in

the development of novel pharmacotherapy. Furthermore, screen-

ing ‘unexpected’ targets helps to predict potential toxicity and side

effects. If necessary, drug structural adjustments can be made to

reduce drug development costs. The in-depth elaboration and anal-

ysis of methodologies for the target discovery will provide valuable

references for improving the efficacy and safety of drugs, and facil-

itate the development of potential drug therapies.

2. Identification method based on proteolysis

Under physiological conditions, the protein has multiple alter-

native conformations in a state of dynamic equilibrium and may
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Fig. 2. (A) Schematic illustration of working mechanism of DARTS. Reproduced with permission [30]. Copyright 2010, American Chemical Society. (B) The working process of

DARTS. (C) Incubated with indicated drug (rapamycin or FK506), FKBP12 was difficult to be digested by subtilisin. (D) The chemical structure of resveratrol and thermolysin

digestion result of yeast cell lysates and human HeLa cell lysates treated with resveratrol. Reproduced with permission [26]. Copyright 2009, National Academy of Sciences.

(E) Experimental LiP-MS workflow. Red pentagon, drug; K, lysine residue; R, arginine residue; Rel. int., relative intensity.

also exhibit a certain degree of local reversible unfolding. When

the recognition site of target proteins is masked by the drug of in-

terest, the free energy of the protein-drug complex changes due

to the forces such as hydrogen bond, hydrophobic and electrostatic

interaction formed between them. The balance of binding and dis-

sociation will drive the potential target protein to form a thermo-

dynamically more stable conformation, which is very conducive to

drug binding (Fig. 2A).

2.1. Drug affinity responsive target stability (DARTS)

DARTS is a widely accepted method of drug target discovery.

The potential target protein is stabilized in a different conforma-

tion from the drug-free state, which significantly enhances the re-

sistance to enzymatic hydrolysis (Fig. 2B) [30]. The reduced pro-

tease sensitivity makes the potential target protein easy to be rec-

ognized by showing a condensed band on SDS-PAGE and subse-

quently identified by MS. DARTS was firstly proposed in 2009 by

Huang and the co-workers [26,31] and its feasibility was veri-

fied by the known target protein of rapamycin and FK506, FKBP12

(Fig. 2C). A new target of resveratrol, a translation factor eIF4A, was

discovered by the DARTS method (Fig. 2D) [26], which revealed the

protein translation mechanism of resveratrol for life-extending and

provided theoretical basis for health care and disease prevention.

Compared with other methods, the drug target discovery based on

DARTS is easy to operate and it is compatible to biological systems.

In addition, it is a universal method that does not require chemical

labeling [32–34].

The discovery and mechanism research of obesity-associated

protein (FTO) for the treatment of acute myelocytic leukemia

(AML) is a typical example of DARTS application. (R)-2-

Hydroxyglutarate (R-2HG), commonly considered as a cancer-

promoting metabolite, was explored to competitively inhibit the

activity of FTO, a demethylase, via directly acting on fat mass

based on DARTS in 2017. It thereby increases the modification

level of cellular N6-methyladenosine (m6A) RNA and results in

the decrease of oncogene MYC. This result confirmed the "double-

edged sword" effect of R-2HG on cancer and provided new ideas

for the treatment of leukemia [35,36]. The following year, this

team and others developed two novel small molecule inhibitors of

FTO, FB23 and FB23-2, which bound directly to FTO and specifi-

cally inhibit the m6A demethylase activity of FTO and inhibit the

proliferation of AML (acute myelocytic leukemia) cells [37], which

prompted to screen for more effective FTO inhibitors for clinical

use. In 2020, two more small molecular compounds, bisantrene

and brequinara were screened as FTO inhibitors and demonstrated

by DARTS to bind directly to FTO. They have significant therapeutic

effects on multiple AML mouse models, especially relapsed PDX

(patient-derivedxenografts) models. In addition, LILRB4 was found

to be the direct target gene of FTO, and the expression abundance

of LILRB4 was 40–50 times higher than that of PD-L1/PD-L2,

which partly explained why the immunotherapy strategy targeting

PD-1/PD-L1/PD-L2 in previous clinical trials failed to achieve

significant efficacy in AML [38]. This series of studies provided a

new strategy for the clinical treatment of AML.

Additionally, dihydroorotate dehydrogenase (DHODH) was pro-

tected from protease degradation in a dose-dependent manner

by the lead compound RYL-634 in a DARTS study. Since DHODH

was verified as an antiviral target in the previous research, there

was great potential to develop RYL-634-based antiviral drugs [39].

What is more, DARTS was used to identify lamin A/C, ATP-

dependent RNA helicase DDX1 (DDX1), heterogeneous nuclear

ribonuclear protein H1/H2 (hnRNP H2) and heterogeneous nu-

clear ribonuclear protein A2/B1 (hnRNP A2/B1) as targets of the

compound 2155-14, thus providing a therapeutic approach for

melanoma [40].

However, the current DARTS method still has some limitations:

(1) Low-abundance target proteins would be missed due to the

limited detection sensitivity; (2) Not suitable for the discovery of

target proteins with weak affinity for drug binding; (3) The effec-

tiveness of the method for target proteins that are extremely sen-

sitive or resistant to the protease still needs to be verified; (4) It

is only suitable for targets with significantly variational bands af-
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Fig. 3. (A) Western blot analysis for isolated spleen. The drug-bound protein had more obvious bands in the supernatant, and the total protein content was almost unchanged.

Reproduced with permission [48]. Copyright 2017, Ishii et al. (B) Quantitative proteome-wide profiling of protein thermal stability. (1) Cells were cultured under differential

conditions, with (+) or without (−) the drug. (2) The sample was divided into aliquots (usually are 10 samples, as TMT can label up to 10 samples). (3) Aliquots were

subjected to heating at the indicated temperatures. (4) After digestion with trypsin, each sample was labeled. (5) Subsequently, all samples from each condition were mixed

and analyzed using LC-MS/MS. The obtained reporter ion intensities were used to fit a melting curve and calculate the melting temperature Tm of each protein separately

for the two conditions. The target protein melt curve can show a significant shift upon drug binding.

ter incubation with the drug, otherwise limited sensitivity would

result in false negative results [11,26].

2.2. Limited proteolysis-coupled mass spectrometry (LiP-MS)

LiP-MS was developed as a high throughput strategy for drug

target discovery and identification in biofluids [41]. In Lip-MS,

broad-specificity proteases such as proteinase K and thermolysin

are preliminarily applied for limited proteolysis. The resulted

structure-specific fragments are subjected to secondary complete

digestion by trypsin that selectively cleaves the C-termini of ly-

sine and arginine [42]. Drug-induced protein structural alternation

would lead to cleavage site difference during limited proteolysis

[43]. Proteins that suffering proteolytic pattern variation or hav-

ing detectable abundant difference of resulted peptides upon drug

binding are considered as potential targets (Fig. 2E) [44]. In addi-

tion, the obtained enzymatic digestion sites were informative for

drug binding site determination [27,43]. Moreover, its application

was not limited to drug target discovery, but also extended to the

identification of metabolite-protein interactions. Through unbiased

LiP technology, the Cdc19 protein (pyruvate kinase) was discovered

as target of the endogenous fructose-1,6-bisphosphate (FBP), which

underwent structural transitions. Additionally, after the addition of

FBP, the abundance of 23 peptides of fatty acid synthase subunit 1

(Fas1) changed more than 5 times. It was confirmed that FBP di-

rectly interacts with yeast FAS complex by LiP-MS to cause confor-

mational changes of core proteins in metabolic pathway [42]. LiP-

MS is simpler than DARTS which requires SDS-PAGE analysis and

in-gel digestion, parameters including the ratio of two proteases,

concentrations, and temperature control should be carefully con-

sidered, which may confuse the enzymatic sites, making it chal-

lenge to obtain reproducible results.

3. Identification method based on temperature-induced

denaturation

After heated, the proteins undergo denaturation and precipi-

tation throught irreversibly lose the folded structures or expose

the hydrophobic core. The thermodynamic stability of the pro-

tein changed after binding with the drug. Just as the drug-bound

proteins in DARTS enhance their resistance to proteolysis, they

also enhance the resistance to temperature-induced denaturation.

Based on the principle, researchers developed the following meth-

ods.

3.1. Cellular thermal shift assay (CETSA)

The CETSA technology was first proposed in 2013 [29,45], upon

which the target protein discovery was achieved by thermal reg-

ulation. Heating aliquots of cell lysate to different temperatures,

soluble proteins can be separated from the precipitated ones by

centrifugation. After the target protein is relatively quantified by

western blotting, a protein melt curve can be developed accord-

ing to the treated temperature and relative band intensity. Proteins

with significant shift of melting curves upon drug binding were

suggested as potential targets [46]. This method was compatible

with biological systems, such as intact cells or animal tissue [29].

Acetaminophen was verified to bind weakly with quinone reduc-

tase 2 (NQO2) by CETSA in living cells, thus NQO2 was proved to

be the off-target of acetaminophen. As NQO2 is highly expressed in

liver and kidney and regulates the level of reactive oxygen species

in cells, which explains the acute hepatotoxicity caused by ac-

etaminophen overdose [47]. In addition, CETSA had also been ap-

plied in vivo to evaluate the binding of the lead compound of re-

ceptor interacting protein 1 kinase (RIPK1) to RIPK1, thus moni-

toring the in vivo binding of drug targets in the spleen and brain

of mice (Fig. 3A), providing an important basis for preclinical drug

development [48]. Nonetheless, immunoblotting experiments have

to rely on suitable antibodies and probably miss targets with low-

abundance, which limits the commonality of this method. And

CETSA is often used for target identification, but it still has the lim-

itation of insufficient flux for discovering new targets.

3.2. Thermal proteome profiling (TPP)

To overcome the shortcomings and challenges of CETSA, Savitski

research group combined CETSA with quantitative MS to develop

a high-throughput target screening method named thermal pro-

teome profiling (TPP), also called CETSA-MS [49]. The exploration

of TPP and quantification of separated proteins were achieved by
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involving quantitative proteomic labeling technologies, such as iso-

baric tags for relative and absolute quantitation (iTRAQ) and tan-

dem mass tag labels (TMT). The quantity of soluble protein as a

function of the temperature was then plotted to get the melting

curve of proteins. The temperature corresponding to the denatu-

ration of 50% soluble protein was recorded as the melting tem-

perature (Tm). Thus, two melting curves were obtained with drug-

bound and drug free states, and the calculated melting point differ-

ence (�Tm) between them suggested the effective combination of

the ligand and the target (Fig. 3B) [49,50]. However, the designed

strategy was not suitable for water-insoluble membrane proteins,

until the introduction of small amount of detergent. 0.4% Nonidet

P-40 was applied for membrane protein extraction without caus-

ing chemical denaturation or reconstitution of aggregated proteins,

which extended the application of this strategy to membrane pro-

teins [51]. Later in 2022, precipitate-supported thermal proteome

profiling (PSTPP), which was evolved from TPP, was proposed for

comprehensive screening and identification of drug targets. In this

method, the precipitated and soluble components produced in the

experiment are both effectively analyzed. In addition, the image

recognition algorithm based on deep learning is further developed,

which effectively avoids the limitation of missing proteins with ir-

regular melting curves in the analysis process of conventional TPP

methods [52]. Additionally, TPP was assisted with microspheres to

enrich and precipitate proteins to simplify the sample pretreat-

ment process and avoid sample loss as much as possible [53].

Currently, the mechanism of most antimalarial drugs in clinical

remains elusive. CETSA-MS method was used to identify the tar-

gets of two important antimalarial drugs, quinine and mefloquine.

Using Plasmodium falciparum lysate-infected erythrocytes, purine

nucleoside phosphorylase (PfPNP) was identified as the common

binding target of these two quinoline drugs, which was consistent

with previous studies [54]. This is of great significance for new

antimalarial drug research and developed, which aims at dealing

with artemisinin resistance. Furthermore, TPP was applied to iden-

tify the target of the antihistamine cleomatine as Plasmodium chap-

eronin protein TRiC/CCT, thus explaining the mechanism of cleoma-

tine in inhibiting multiple stages of parasite invasion [55]. Viopro-

lides A–D have significant effects against human acute lymphoblas-

tic leukemia (ALL) cells, among which vioprolide A was deciphered

as the most active vioprolide derivative, and nucleolar protein 14

(NOP14) was identified as a specific target of VioA [56]. Given that

NOP14 was essential for ribosomal biogenesis and had been vali-

dated by cell activity assay, VioA showed unique anticancer ther-

apeutic potential. Although these methods have been successfully

used in numerous of drug identification cases, they are unlikely

to be applied to those proteins highly inhomogeneous or display-

ing no curve shift upon drug binding. For example, some proteins

will not aggregate after the unfolding of the ligand-binding domain

[29] and some are stabilized by other proteins thus not affected

by the drug binding [46]. Moreover, proteins those are resistant or

not sensitive to temperature increment would not be captured by

CETSA&TPP method.

4. Identification method based on chemical denaturation

Proteins denature in the presence of denaturants or organic sol-

vents. In general, drug-bound proteins enhance antioxidant capac-

ity while producing less precipitation in the presence of the same

chemical agent compared with the drug-free proteins. Based on

these properties, the following methods were established.

4.1. Stability of proteins from rates of oxidation (SPROX)

SPROX mainly focuses on the reduction of methionine oxi-

dation rate upon drug binding, which proposes that the bind-

ing effect could increase the antioxidant capacity of the target

[57,58]. The protein mixtures with or without drug treatment are

aliquoted in SPROX operation, and then different concentrations

of denaturant (for example, guanidine hydrochloride or urea) and

the same amount of hydrogen peroxide (H2O2) are added to ox-

idize the exposed methionine residues. To ensure a selective ox-

idization of methionine residues into sulfoxides, the concentra-

tion of H2O2 and reaction time should be optimized. The oxida-

tion reaction is then quenched with excess methionine or cata-

lase, and the reaction products are subjected to enzymatic di-

gestion and LC-MS/MS analysis [28,59]. As the amount of de-

naturing agent increases, proteins become more unfolded and

more methionine-containing peptides will be oxidized. The rel-

ative quantification between methionine-containing peptides and

their oxidized products is plotted as a function of the denatu-

rant concentration. When half of the methionine-containing pep-

tides are oxidized, the corresponding concentration of the denat-

urant is determined as the transition midpoint. The target protein

could be pinpointed through the comparison of transition midpoint

difference in the presence or absence of the drug. The developed

SPROX is high throughput, which can simultaneously measure hun-

dreds of proteins within a single test among complex biological

samples [28].

SPROX was further combined with the quantitative proteomic

platform to explore the target proteins of the biologically active

ligand resveratrol. In addition to the known cytosolic aldehyde

dehydrogenase, six other potential new protein targets were re-

vealed, including four targets related to the mechanism of pro-

tein translation [60]. Interestingly, eIF4A, which was previously de-

tected by DARTS was not emerged as a potential target by SPROX,

which might be attributed to its relative low binding affinity to

resveratrol. In addition, the combined technologies of SILAC-SPROX

(Stable isotope labeling by amino acids-SPROX) and iTRAQ-SPROX

were used to explore targets of tamoxifen (TAM) and N-desmethyl

tamoxifen (NDT) in the MCF-7 cell line. The stability change of

more than 1000 proteins were analyzed, according to which 163

and 200 target proteins of TAM and NDT were identified, respec-

tively. Among them, 11 and 20 of the identified targets had high

reliability and had a high overlap rate, most of which were re-

lated to breast cancer (Fig. 4A) [61]. However, it is obvious that

the application of SPROX is limited to the quantification of tar-

gets whose binding domains containing methionine. In addition,

the efficiency of oxidation needs to be optimized, otherwise the

distinction of the curve before and after drug binding will be

affected.

4.2. Chemical denaturation and protein precipitation (CPP)

In recent years, novel technologies have emerged for target dis-

covery and identification. In 2018, Meng et al. established CPP,

which facilitated both the drug target identification and the bind-

ing affinity determination (Fig. 4B) [62]. Similar to SPROX, CPP in-

volved chemical denaturants, such as guanidine hydrochloride, to

induce protein precipitation, which could be separated from the

system via high-speed centrifugation. The retained soluble proteins

were subsequently analyzed by LC-MS to obtain protein identities

and the denaturation curves. Proteins those binding to the drug

were supposed to have increased resistance to denaturants and

thereby a shift for denaturation curve should be detected. Herein,

CPP could significantly improve the protein coverage compared

with that of SPROX while greatly reduce the false discovery rate.

Furthermore, CPP also enlarges the detection to indirect protein

targets of drugs, i.e. drug-induced protein interactions, but only

when the concentrations of proteins and ligands are sufficiently

high.
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Fig. 4. (A) Schematic representation of the iTRAQ-SPROX experimental workflow applied in this work. Reproduced with permission [61]. Copyright 2017, American Chemical

Society. (B) Schematic representation of the chemical denaturation and protein precipitation (CPP). Reproduced with permission [62]. Copyright 2018, American Chemical So-

ciety. (C) Organic solvent-induced protein precipitation (SIP). Reproduced with permission [63]. Copyright 2020, American Chemical Society. (D) Histidine hydrogen-deuterium

exchange (His-HDX). Reproduced with permission [64]. Copyright 2021, American Chemical Society.

4.3. Solvent-induced protein precipitation (SIP)

In 2020, an energetics-based proteomics strategy, termed as SIP,

was developed to analyze the interaction between drugs and their

target proteins involving quantitative proteomics (Fig. 4C). Upon

the addition of organic solvent at different proportions, such as

acetone:ethanol:acetic acid=50:50:0.1 (v:v:v), proteins underwent

denaturation and formed precipitates due to the decrement of the

solutions’ dielectric constant and the destruction of the protein hy-

dration membrane. The remained soluble proteins were analyzed

by LC-MS/MS replication, and only proteins detected in two runs

were subjected to further quantitative analysis, and the average

value of log2 fold change (i.e. H/L normalized ratio) >1 or <−1

was considered as a potential protein target [63]. Although the ra-

tio and composition of organic reagents need to be further opti-

mized, this method has the advantages of good practicability, uni-

versality and high throughput.

Both CPP and SIP have been validated with well-studied drugs

and their targets, but limitations still remain: drug target identi-

fication by both methods rely on protein precipitation with de-

naturants, which may not cover all proteins, especially those with

denaturant resistance, and the ratio of organic solvents should be

carefully optimized for biological systems.

4.4. Histidine hydrogen-deuterium exchange (His-HDX)

It can be seen it is a common problem for unmodified methods

to explore target proteins with low abundance, which is proposed

to be solved by His-HDX based method [64]. In this method, His-

HDX was used as a readout technique for drug-induced protein sta-

bility variation monitoring (Fig. 4D). The workflow involves incuba-

tion of cell lysates in varying concentrations of protein denaturants

in D2O with or without the addition of drug, followed up with

enzymatic digestion, enrichment of histidine-containing peptides,

and finally analyzed by LC-MS/MS. This method has been suc-

cessfully applied to identify the interaction between endogenous

MAPK14 and its inhibitor doramapimod in HEK293 cell lysates.

This method has three significant initiatives: (1) Enrichment of

histidine-containing peptides increases the likelihood of recogni-

tion of low abundance targets. A vital problem in the bottom-

up proteomics approach is that the analytical capacity of LC-

MS/MS measurements is limited, resulting in peptides from low-

abundance proteins going undetected. The enrichment step will in-

crease proteome coverage and thus increase the sensitivity of tar-

get identification; (2) Revealing drug binding site or solvent ac-

cessibility variation of target protein upon drug binding at amino

acid-level; (3) Co-elution of deuterated and non-deuterated pep-

tides in LC-MS/MS analysis; Therefore, it can intuitively calcu-

late the fraction content of denatured and undenatured protein

species in the sample using a single mass spectrometry rather than

quantification in different samples or mass spectrometry. However,

the experimental process is time-consuming, incubation with D2O

alone takes ten days. Meanwhile, back exchange can lead to inac-

curate calculation of hydrogen-deuterium exchange rate, thus af-

fecting the accuracy of target identification. Moreover, for proteins

with only a small amount of histidine, peptides without histidine

will be lost after immobilized metal-ion affinity chromatography

(IMAC) enrichment, resulting in difficult recognition of subsequent

peptide mass fingerprint.
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Fig. 5. Workflow of MSIPP. After drug combination or vehicle treatment, the entire proteome of both treatments is forced to precipitate under mechanical stress. Drug-bound

proteins are more resistant to precipitation than free proteins, resulting in less concentration of drug-binding proteins on the particles. Finally, quantitative proteomics can

reveal differences in target proteins in drug/vehicle therapy. Reproduced with permission [65]. Copyright 2021, Elsevier B.V.

5. Identification method based on mechanical force-induced

denaturation: Mechanical stress induced protein precipitation

(MSIPP)

In 2021, a novel drug target screening method based on me-

chanical stress induced protein precipitation was developed (Fig.

5) [65]. As drug-bound proteins are more resistant to mechani-

cal stress, they precipitate less than drug-free controls under the

same mechanical stress. After the protein extract was treated with

pharmaceutical compounds or solvents, the particles were mixed

with the protein solution in a mass ratio at 2:1, and mechani-

cal stress was generated by eddying the mixture. Protein precip-

itates caused by mechanical stress captured by particles were ana-

lyzed by mass spectrometry to screen potential targets. The MSIPP

method successfully identified four clinical drugs with known tar-

gets including methotrexate (MTX), raltetrexate (RTX), SHP099 and

geldamycin (GA), and demonstrated that DHFR is a binding tar-

get of RTX, which has not been revealed by any other unmodi-

fied method. Unlike protein denaturation due to heat or chemical

forces, which is isotropic, mechanical forces may cause the protein

to denature in certain physical directions, thus detecting interac-

tions that cannot be revealed by these isotropic forces. However,

the MSIPP method cannot be applied to living cells, and strong de-

tergents such as SDS cannot be applied. Hence, some extremely

hydrophobic membrane proteins will not be suitable. In addition,

some proteins are easily captured by particles, while others are

naturally stubborn and require more mechanical stress to precipi-

tate. Moreover, different laboratories use different machines to pro-

vide mechanical stress, the parameters of precipitation caused by

mechanical stress should be optimized, which is difficult to stan-

dardize.

6. Concluding remarks and future perspectives

Drug target discovery is a critical step for elucidating the mech-

anism of drug action. The popularization and development of

methodology strongly support for target identification [66], upon

which increasing number of drug targets were uncovered through

various methods. We can also see from the examples that search-

ing for potential drug targets by above methods is only one of

many links, and the identification of targets requires the assistance

of multiple means. Even each method still has own limitations, the

combination of methods with different principles can obtain com-

plimentary information (Table 1).

In general, conventional modified-based methods usually miss

target proteins with low affinities, and cannot effectively exclude

the protein with non-specific binding, which usually lead to false

positive results. What is more, drugs have to be chemically deriv-

able and bioactivity verification is required before analysis. Un-

modified methods can make up for the above limitations, accord-

ing to which target proteins could be identified without chemical

modification. Among them, DARTS and TPP are most widely used

due to their relatively simple operation and high throughput. How-

ever, target proteins with low abundance would be missed due

to the sensitivity limitation of the method, which asks for novel

methods with improved detection sensitivity and specificity.

Besides, target screening by unmodified methods is greatly rely

on the variations of physical and chemical properties of proteins,

which cannot reach the targets with no such changes or lead to

false negative results. It is important to note that target protein

information obtained from each strategy is potential or putative,

thus, further verified is still required. While look at it another

way, there are still some properties of proteins that may wait to

be developed into new methods. For example, proteins will dena-

ture under ultraviolet light, strong acid or strong alkali conditions,

so whether proteins will have stronger tolerance to these external

stimuli after combining with drugs remains to be further studied.

Actually, as an excellent target identification method, it should

meet the following requirements: (1) the experimental conditions

are easy to control and standardize. Although the properties of

each drug and its targets are different, conditions such as incu-

bation time, temperature and enzyme concentration may not be
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Table 1

The advantages and limitations of various unmodified target discovery methodologies.

Classification Methodology Advantages Limitations

Proteolysis DARTS Simple processing steps, easy to

operate and compatible to

biological systems

Miss low-abundance target proteins, not

suitable for proteins with weak affinity or

with no change in conformation after drug

binding

LiP-MS High-throughput, high sensitivity Miss proteins with unchanged protease

sensitivity after drug binding, high

reproducibility requirements

Temperature-induced

denaturation

CETSA&TPP Applicable to cell lysate, whole

cell lysate and tissue lysate

Not applicable to proteins that are highly

inhomogeneous or display no curve shift

upon drug binding

Chemical denaturation SPROX High-throughput, applicable to

complex biological samples

Binding domains need to contain methionine,

the efficiency of oxidation needs to be

optimized

CPP&SIP Simple flow, simple reagents Dependent on target proteins that will

denature and precipitate in the presence of

chemical agents or denaturing agents

His-HDX Suitable for low abundance

protein

Time-consuming, not suitable for proteins

with low histidine content

Mechanical force-induced

denaturation

MSIPP Scalable and user-friendly Cannot be applied to living cells, strong

detergents cannot be applied, difficult to

standardize

Summary No need to immobilize drugs on

the stationary phase thus not

affecting drug activity,

high-throughput

High requirements for instruments, dependent

on certain properties of the proteins

completely the same in the process of method optimization, but

it is better to minimize such uncontrollable factors; (2) Retain the

drug activity, and preferably apply the method to living cells or

even in vivo, rather than confined to lysates, thus allowing for a

more realistic simulation of the drug binding to the target; (3) To

reduce costs. Drug research and development is a hard slog, and

each link should be as economical as possible. Only in this way,

more researchers can invest in the link of target search and lay a

foundation for subsequent research. With the development of pro-

teomics and mass spectrometry, increasing number of new tech-

nologies are emerged by integrating the advantages of different

tactics while reduce the cost and time of detection. These new

technologies will not only be applied to target identification of

drugs, but also clarify the mechanism and toxicity of drugs much

more clearly, providing an important method basis for solving dif-

ficult problems such as new drug development, drug mechanism

research, and human disease marker identification.
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