
Heliyon 10 (2024) e23864

Available online 19 December 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Review article 

Target-based drug discovery: Applications of fluorescence 
techniques in high throughput and fragment-based screening 

Vikrant Kumar 1, Puneeth Kumar Chunchagatta Lakshman 1, Thazhe 
Kootteri Prasad , Kavyashree Manjunath , Sneha Bairy , Akshaya S. Vasu , B. Ganavi , 
Subbarao Jasti , Neelagandan Kamariah * 

Centre for Chemical Biology & Therapeutics, inStem & NCBS, Bellary Road, Bangalore, 560065, India   

A R T I C L E  I N F O   

Keywords: 
Target-based drug discovery 
High throughput screening 
Fragment based ligand discovery 
Fluorescence-based assays 
Fluorescence polarization 
Förster resonance energy transfer 
G-protein coupled receptors 
Guanosine triphosphate hydrolase 
Protein–protein interaction 

A B S T R A C T   

Target-based discovery of first-in-class therapeutics demands an in-depth understanding of the 
molecular mechanisms underlying human diseases. Precise measurements of cellular and 
biochemical activities are critical to gain mechanistic knowledge of biomolecules and their 
altered function in disease conditions. Such measurements enable the development of interven-
tion strategies for preventing or treating diseases by modulation of desired molecular processes. 
Fluorescence-based techniques are routinely employed for accurate and robust measurements of 
in-vitro activity of molecular targets and for discovering novel chemical molecules that modulate 
the activity of molecular targets. In the current review, the authors focus on the applications of 
fluorescence-based high throughput screening (HTS) and fragment-based ligand discovery (FBLD) 
techniques such as fluorescence polarization (FP), Förster resonance energy transfer (FRET), 
fluorescence thermal shift assay (FTSA) and microscale thermophoresis (MST) for the discovery of 
chemical probe to exploring target’s role in disease biology and ultimately, serve as a foundation 
for drug discovery. Some recent advancements in these techniques for compound library 
screening against important classes of drug targets, such as G-protein-coupled receptors (GPCRs) 
and GTPases, as well as phosphorylation- and acetylation-mediated protein-protein interactions, 
are discussed. Overall, this review presents a landscape of how these techniques paved the way 
for the discovery of small-molecule modulators and biologics against these targets for therapeutic 
benefits.   

1. Introduction 

The primary step in a drug discovery campaign involves identifying new chemical entities that have the potential to become 
therapeutic agents. Target-based and phenotypic screening are the two approaches that have majorly contributed to discovering first- 
in-class drugs in the past few decades [1,2]. Phenotypic screening does not rely on knowing the identity of the specific molecular target 
or its role in the disease [3], instead active chemical compounds are identified with desired physiological responses or phenotypes, 
typically in animal models or cell-based assays [4]. Whereas target-based screening relies on the knowledge of the specific molecular 
target that has a vital role in the disease [5–7]. The ever-growing genetic, biochemical and structural insights into disease conditions 
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have expanded the list of potential molecular targets amenable to therapeutic intervention [5,6,8]. Once the molecular target is 
identified and validated, a typical discovery process involves assay development, hit identification and lead optimization followed by 
preclinical and clinical development [9]. High-throughput screening (HTS) and fragment-based ligand discovery (FBLD) are currently 

Fig. 1. A schematic representation of fluorescence-based assays (A). FP assay: the fluorophore-labeled substrate is excited by linearly polarised 
light, and the amount of polarised light emission determines the binding with the protein. (B). FRET assay: schematic illustration of the donor- 
acceptor spectral overlap region; distant donor and acceptor - no FRET, and close donor and acceptor - successful FRET detection. (C). FLT 
assay: The fluorescence intensity decay of a fluorophore is plotted on an intensity scale versus time. The changes in the lifetime of fluorophore 
measure the effect of protein binding. (D) PIFE assay: fluorescence enhancement when a fluorophore-tagged nucleic acid binds to a protein. (E) 
FTSA assay: The curve shows the protein unfolding with rising temperature, which alters upon ligand binding. (F) MST assay: schematic repre-
sentation of an MST setup showing infrared laser directed at the protein-ligand solution in capillaries and excitation light to track the fluorescently 
labeled protein in the solution. An increase in temperature results in a binding-dependent decrease in fluorescence in the region followed by a steady 
state and back diffusion. 
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the two leading paradigms to identify chemical probes or “hits” against a molecular target [10,11]. In FBLD, a library of a few thousand 
very-small-molecular-weight compounds (MW ~100–250 Da) at high concentrations are screened using biophysical methods such as 
NMR, X-ray crystallography, SPR, MST and FTSA [12]. HTS involves screening large numbers of chemical compounds, typically a few 
hundred thousand with their molecular weights ranging between 200 and 600 Da, against the target using biochemical activity and 
binding-based methods [10,13–16]. HTS and FBLD have become standard tools within the pharmaceutical industry and academia, 
identifying the hits that affect the molecular targets in the desired way. The identified hits from the screening campaign provide a good 
starting point for lead optimization. 

Screening cascades with suitable absorbance-, fluorescence- and luminescence-based high throughput biochemical and binding 
assays are developed for many important drug target classes [14,15]. However, developing robust, reliable and cost-effective assays 
while testing large libraries through them is quite challenging for the repertoire of novel molecular targets [17]. Towards this end, 
fluorescence-based assays are widely implicated in HTS and FBLD as they provide us with highly sensitive, rapid, homogeneous assays 
that are mix-and-read kind and compatible with automation. A wide diversity of available fluorescent dyes and technological ad-
vancements in readout modes have made them an ideal assay platform for most of the molecular target classes [18–21]. This review 
focuses on general concepts of fluorescence-based biochemical and binding assays routinely used in HTS and FBLD, namely fluores-
cence polarization (FP) and anisotropy (FA), Förster resonance energy transfer (FRET), time-resolved Förster resonance energy 
transfer (TR-FRET), fluorescence lifetime (FLT), protein-induced fluorescence enhancement (PIFE), fluorescence thermal shift assay 
(FTSA) and microscale thermophoresis (MST). In addition, the article also focuses on the rationale for the development of 
high-throughput fluorescence assays and their utilization in an array of screening activities for some therapeutic targets: G-protein 
coupled receptors (GPCRs), GTPases and phosphorylation- and acetylation-mediated protein-protein interactions. 

2. Principles, advantages and limitations of fluorescence-based techniques 

2.1. Fluorescence polarization (FP)/fluorescence anisotropy (FA) 

FP/FA assay is based on the principle that the degree of polarization of a fluorescently labeled molecule, called a tracer, is inversely 
proportional to its rate of molecular rotation [22]. Molecular rotation, in turn, depends on molecular mass, with larger masses having 
slower rotation frequency. When a small tracer is excited by plane-polarized light, it emits depolarized light due to its rapid motion in 
solution. However, when the tracer binds to a much larger molecule, it rotates more slowly, and the emitted light remains largely 
polarized (Fig. 1A) [22]. Polarization is expressed as milli polarization units (mP). FP/FA technique is employed to study molecular 
interactions, i.e., association and dissociation between two molecules, e.g., protein-peptide, protein-nucleic acid, and protein-ligand 
[23,24]. The assay is sensitive, mix-and-read type and readily miniaturized for HTS. However, the FP assay works best for large 
protein-small ligand combinations rather than two proteins of similar molecular weight. Moreover, FP is amenable to interference from 
fluorescently active small molecules [24,25]. Some commonly used fluorophores in FP assay are listed in Table 1 and the chemical 
structures are shown in Fig. 2. FP assay readouts are measured using a range of multimode readers such as Victor Nivo and Envision 
(PerkinElmer), Spark (Tecan), Pherastar FSX (BMG Labtech), and Spectramax iD5 (Molecular Devices) etc. Optimization of parameters 

Table 1 
List of common fluorophores arranged in increasing order of their excitation spectra with their characterization and usages in different assays.  

Fluorophore Ex/Em (nm)a Lifetime (ns)b Assay 

Europium cryptated1 320-340/615 >1000 TR-FRET 
Europium TMT chelate (donor)d2, isothiocyanato chelate (donor)d2 320-340/618 >1000 TR-FRET 
Terbium chelated3, Terbium cryptated3 320-340/490, 545 >1000 TR-FRET 
8-Anilino-1-naphthalenesulfonic acid 366/480 0.24 FTSA 
9-Aminoacridine 405/450 17 FLT 
PT14 405/450 14 FLT 
SYPRO orange 470/570 <1 FTSA 
PT22 473/556 22 FLT, FP 
Fluoresceina3 475/520 4 FP, MST, TR-FRET 
Alexa 488a3 490/525 4.1 FP, MST, TR-FRET 
Rhodamine 110a3 496/520 4 FLT, FP, TR-FRET 
BODIPY-FLa3 503/512 5.7 FLT, TR-FRET 
TAMRAa3 550/580 1.0 FP, MST, FRET 
Cy3a3 555/569 0.3 FP, PIFE, MST, FRET 
Dylight DY547 558/574 0.18 PIFE 
Rhodamine B 562/583 1.68 FLT, FP 
ROX 580/621 4.8 FTSA 
XL665a1,a2 625/665 3.0 TR-FRET 
D2a1,a2 625/665 NA TR-FRET 
Alexa Fluor 647a1,a2 650/671 1.0 FP, MST, TR-FRET 
Cy5a1,a2 651/670 1.0 FP, PIFE, MST, FRET, TR-FRET 

d – donor in FRET pair, a – acceptor in FRET pair; respective donor-acceptor pairs have been numbered d1-a1, d2-a2 and d3-a3. 
a Approximate excitation and emission maxima. 
b Approximate fluorescence lifetime. 
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such as Z-height, G-factor, and number of flashes per second improves the assay performance. These readers are also used for the 
fluorescence-based techniques described in later sections, such as FRET, TR-FRET, FLT, PIFE and fluorophore substrate-based enzy-
matic assays. 

2.2. Förster resonance energy transfer (FRET) 

FRET measures the efficiency of non-radiative energy transfer between donor and acceptor fluorophores (FRET pairs) when they 
are in close proximity [26]. FRET efficiency varies inversely to the sixth power of the distance between the FRET pairs, indicating that 
small changes in distance result in a significant FRET signal (Fig. 1B) [27]. This advantage suites FRET to study intermolecular 
interaction. In general, the donor’s quantum yield, the acceptor’s extinction coefficient, spectral overlap (donor emission spectra 
should match acceptor absorption spectra), and inter-fluorophore distance (10–100 Å) and their angular orientation are the elements 
that must be considered to maximise the FRET signal. Time-resolved Förster energy transfer (TR-FRET) relies on resonance energy 
transfer between the long-lived donor fluorophore and short-lived acceptor fluorophore [28]. TR-FRET significantly reduces the 
short-lived fluorescence interference in the assay condition. The FRET-based assay measures biochemical activities, biomolecular 
interactions, and protein conformational dynamics [29]. FRET-based assays are highly sensitive, rapidly measurable, and readily 
adaptable to the HTS format. It can be used for both in vitro and in vivo assay systems. Also, there is no limitation on the molecular 

Fig. 2. Chemical structures of some commonly used dyes.  
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weight of biomolecules to be studied. However, both the interacting partners need to be labeled with suitable fluorophore pairs (refer 
to Table 1 and Fig. 2 for commonly used FRET pairs), and fluorophores should lie between 10 and 100 Å with correct orientation and 
the possibility of crosstalk between donor and acceptor fluorophores [30,31]. 

2.3. Fluorescence lifetime (FLT) 

Fluorescence lifetime is an intrinsic property of a fluorophore defined as the average time a fluorophore takes in the excited state 
before returning to the ground state [32]. The lifetime of a fluorophore (τ) is dependent on the physicochemical molecular envi-
ronment, so changes in the environment influence the changes in the FLT measurement [33]. The intensity decay of a fluorophore is 
plotted on an intensity scale versus time, and the fluorescence lifetime is calculated based on the fluorescence intensity decays to 1/e of 
the initial intensity (Fig. 1C). FLT measurement is independent of fluorescence intensity or fluorophore concentration [34]. Most 
commonly used fluorophores and compound interference typically have fluorescent lifetimes ranging from 100 ps to 5 ns [35]. The FLT 
fluorophores such as 9AA (Almac Group, FLEXYTE™), PT14 and PT22 (GE Healthcare) have fluorescence lifetimes of 14, 17 and 22 ns, 
respectively (Table 1 and Fig. 2). Principles of FLT can be used in different formats such as FLT assay, FLT sensing and fluorescence 
lifetime imaging [36]. FLT assays are successfully applied for enzyme activity assays for proteases, kinases and phosphatases for in-
hibitor screening [37,38]. Whereas FLT sensing is used for sensing pH, Ca2+, Mg2+, K+, glucose, antigen, and other metabolites in vitro 
and FLT imaging applications involve studying molecular environments of the probes in cell [36]. With improved plate readers and a 
new range of long-lifetime dyes, the application of FLT is being extended to molecular targets other than enzymatic peptide modi-
fications [33]. 

2.4. Protein-induced fluorescence enhancement (PIFE) 

PIFE is based on the photophysical phenomenon whereby the intensity of fluorophore increases upon proximal binding of a protein 
(Fig. 1D) [39]. The technique is routinely used to probe the binding affinity and kinetics of protein and DNA/RNA interactions, 
wherein the nucleic acid is labeled with a single dye and binding to unlabeled protein causes a change in the fluorescence signal [40, 
41]. Since the technique bypasses protein labeling, it mitigates the risk of labeling-induced structural changes. Also, PIFE is sensitive 
within short distances (0–3 nm) [40]. So far, the technique is limited to studying protein-nucleic acid interactions and has not been 
routinely used in HTS format. This phenomenon is limited to the dyes exhibiting cis-trans photoisomerization [42,43]. A class of 
cyanine dyes (Cy3 and Cy5), Dylight DY547 and Alexa dyes (Thermo Fisher Scientific) are commonly used (Table 1 and Fig. 2). 

2.5. Fluorescence thermal shift assay (FTSA) 

FTSA exploits the phenomenon whereby a ligand binding to a target protein enhances the target protein’s thermal stability [44]. 
Specific binding of a ligand to a defined site of the protein will enhance or decrease the structural stability of the protein and hence 
change the melting temperature (Tm), the temperature at which there is 50 % denaturation (Fig. 1E) [44]. The Tm of a protein can be 
measured either under native and label-free conditions by detecting temperature-dependent changes in the intrinsic fluorescence of 
tryptophan residues in proteins as the protein unfolds or by monitoring the fluorescence signal of a fluorescent dye that binds pref-
erentially to the denatured state of a protein as a function of temperature [44]. A variant of FTSA is cellular thermal shift assay 
(CETSA), which is used for testing ligand binding to the target protein inside cells [45]. Since FTSA provides information on protein 
stability, it is helpful for the optimization of buffer conditions needed in protein purification, storage, and crystallization [46,47] and 
protein-ligand binding [48]. Due to the ease of optimization and miniaturization, it has been used for the screening of small molecules 
(e.g., fragments) and compounds with high affinities [49–51]. FTSA does not require special plate readers, as real-time PCR in-
struments such as Applied Biosystems, Qiagen, Biorad etc., can be used for measuring Tm. Although FTSA is often used for qualitative 
measurement of the binding event, it can be leveraged for quantitative measurement of binding constant at a constant temperature 
[52]. Another caveat is that intrinsically disordered proteins are unsuitable for FTSA [53]. SYPRO Orange (Sigma-Aldrich), ROX and 
ANS (Thermo Fisher Scientific) are routinely used fluorophores for FTSA (Table 1 and Fig. 2). Although beyond the scope of FTSA, it is 
worth mentioning two luminescent methods: (i) a highly sensitive protein-probe method uses Eu3+ chelate conjugated to a peptide 
probe that preferably binds to an unfolded state of a protein, helps measure protein denaturation and ligand binding [54–56]. (ii) 
Aggregation-induced emission (AIE), based on the phenomenon, in which luminescent molecules emit more efficiently in the ag-
gregation state than in the solution state [57]. Though AIE has potential applications in antibiotic screening, biosensing and 
biomedical sciences, their use in target-based compound library screening is yet to be explored [58–60]. 

2.6. Microscale thermophoresis (MST) 

MST measures the affinity between two molecules based on temperature-related intensity change in fluorescence signal plus the 
movement of molecules along the temperature gradient induced inside a thin glass capillary using an IR-laser [61] (Fig. 1F). The 
thermophoretic movement of the biomolecules is tracked either by using the intrinsic fluorescence of tryptophan in proteins or an 
extrinsic fluorophore coupled to any one interaction partner [62]. MST can measure the binding affinity of molecular interactions. The 
technique has low sample consumption, short analysis time, no limitation on the molecular weight of interacting molecules and re-
quires no immobilization of probes. MST has mostly been used as an orthogonal assay to validate hits found from primary screening 
[63,64]. The technique has capillary-based as well as plate-based formats available. Commercial kits for labeling proteins are available 
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from NanoTemper [65], which provides dyes that can label amino acid residues lysine (RED-NHS 2nd Generation), cysteine (RED--
MALEIMIDE 2nd Generation) and histidine (RED-tris-NTA 2nd Generation). The availability of these three labeling residues on the 
protein’s surface and their role in the binding event under study must be considered before the dye selection. The degree of labeling, i. 
e., the number of residues labeled per molecule, is a critical factor in assay quality and affects the reproducibility of measurements. To 
avoid such variations, proteins or peptides synthesized with tags such as GFP, FITC and Alexa-488 can be used [66]. For MST readouts, 
NanoTemper provides capillary (Monolith) and plate-based (Dianthus) readers. The availability of residues amenable for covalent 
labeling without altering the interaction or stability of a protein is a limitation [67,68]. Since the thermophoretic ability of a 
biomolecule depends upon its charge along with size and solvation shell, a better response is observed with charged biomolecules such 
as DNA and RNA [62,69,70]. Further, the capillary-based technique is incompatible with high-throughput screening and the 
plate-based approach is relatively new. 

3. Development of HTS assays for therapeutic targets 

3.1. G protein-coupled receptors (GPCRs) 

GPCRs are the largest membrane receptor superfamilies regulating diverse physiological processes and are the most sought-after 
drug targets, with ~35% of approved drugs targeting these receptors [71–74]. In general, upon the ligand binding, GPCRs activate 
downstream heterotrimeric G-proteins consisting of Gα, Gβ and Gγ subunits (Fig. 3) [71]. Due to the challenges involved in the pu-
rification of stable GPCRs, considerable efforts have been made using mutagenesis [75,76], protein microarrays [77,78], reconstituted 
lipid nanodisc [79,80] and viral envelope [81] to obtain the active GPCRs for biochemical and biophysical studies. So far, HTS assays 
on GPCRs primarily rely on changes in the intracellular concentration of Gα-protein mediated secondary messengers such as cyclic 
adenosine monophosphate (cAMP), calcium, diacylglycerol (DAG), inositol 1,4,5-trisphosphate (IP3) and RhoA activation (Fig. 3) 
[82]. G-protein independent β-arrestin signaling can be detected either by β-arrestin recruitment or β-arrestin mediated internalization 

Fig. 3. An illustration of the G-protein-coupled receptor in action and β-arrestin signaling. The G-protein alpha subunit separates from the beta- 
gamma subunit in response to external stimulation, and GDP is exchanged for GTP, activating additional molecules in the cell. The three assays 
to quantify this, namely (A) cAMP detection by FRET-based assay, (B) IP3 detection by FP-based assay, and (C) calcium detection by the dye-based 
method are shown as insets. (D) The recruitment of β-arrestin to the phosphorylated GPCR terminates the G-protein mediate signaling and initiates 
G-protein-independent signaling. 
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of GPCRs (Fig. 3) [83]. 

3.1.1. Fluorescence-based secondary messenger GPCRs assays 
The GPCRs-dependent activation of Gαs and Gαi subunits stimulate and inhibit adenylate cyclase, respectively, which in turn 

increases and decreases the cellular cAMP levels [71]. Activation of Gαq results in the accumulation of inositol phosphates (IP1/IP3) 
and calcium (Ca2+) levels (Fig. 3) [84]. FRET, TR-FRET and FP-based robust and sensitive assays are best suited to quantitatively 
measure cAMP, IP1/IP3 and DAG modulation in response to Gα-proteins [85]. In TR-FRET, the exogenous cAMP, IP1 and IP3 molecules 
labeled with an acceptor fluorophore compete with GPCR-coupled endogenously produced cAMP, IP1 and IP3 molecules, respectively, 
for binding to their donor-labeled monoclonal antibodies [85–87] (Fig. 3A). In FP assay, the cellular cAMP and IP1/IP3 displace a 
fluorescent derivative of counterparts from an unlabeled specific binding protein (Fig. 3B) [82,87]. Some of the commercially available 
HTS assay formats of GPCR modulators are cAMP-Gi kit (Cisbio), LANCE cAMP kit (PerkinElmer), HTRF cAMP (Cisbio), cAMP Gs 
dynamic kit (Cisbio), cADDis (Montana Molecular), IP-One Gq kit HTRF (Cisbio), HitHunter IP3 assay (DiscoveRx), HTRF 
cAMP/IP-One HTplex (Cisbio) etc. FRET and FP assays are widely used to identify small-molecule and peptide agonists and antagonists 
as well as to study monoclonal antibodies [88–93]. 

3.1.2. Calcium assay 
As mentioned earlier, calcium is another secondary messenger for GPCR signaling. Gαq activation results in the accumulation of 

inositol phosphates (IP3), which increases the intracellular Ca2+ levels by opening the endoplasmic IP3-gated calcium channel [94]. 
Commercial availability of Ca2+-sensitive fluorescence dyes (Fluo, Fura, Indo, Quin etc.) [95,96] and “no-wash” assays such as Fluo-4 
Direct Calcium assay kit (Life Technologies), FLIPR Calcium 4 assay kit (Molecular Devices), Calcium No WashPLUS (DiscoverX) and 
FLUOFORTE Calcium assay kit (Enzo Life Sciences) has enabled the measurement of Ca2+ levels in HTS format. The assay is based on 
the principle that the inactive esterified dye penetrates the cell membrane and becomes active once inside the cell upon binding to 
Ca2+. Esterification is an effective way to increase the lipophilicity of the dye to improve cellular penetration of chemical entities. 
Intracellular esterases hydrolyse the dye once inside the cell, generating the negatively charged form of impermeable dye through the 
cell membrane. The calcium-binding moiety portion of the probe quenches the fluorescence signal in the absence of calcium through 
photo-induced electron transfer. In the presence of calcium, it relieves quenching and increases the fluorescence emission intensity in 
several order magnitudes, with no shift in wavelength, thus characterizing GPCRs (Fig. 3C) [97–100]. 

Fig. 4. A. An illustration of the GTPase activity cycle shows the interconversion between GDP-bound inactive and GTP-bound active forms, which 
are catalysed by GEFs and GAPs, respectively. B. Fluorescence-based and C. FRET-based nucleotide exchange assays measure the loading or 
unloading of labeling GDP and GTP, respectively. The antibody conjugated with donor fluorophore is mentioned as ‘D’ in Figure C. 
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3.1.3. β-arrestins recruitment assays 
β-arrestins (1 and 2) are essential regulators of GPCRs. GPCR kinase-mediated phosphorylation of GPCR recruits β-arrestins, which 

eventually terminates G-protein signaling and leads to desensitization, inactivation, and internalization of GPCRs (Fig. 3D) [101]. 
There are chemiluminescence-based assay technologies such as PathHunter β-arrestin assay (DiscoverX) [102] and GPCR/β-arrestin 
Signaling Pathway LinkLight assay (BioInvenu) [103] available that measure β-arrestin recruitments. However, the Tango GPCR 
enabling model (Thermo Fisher Scientific) reporter gene assay is a fluorescence-based system that employs the release of non-native 
transcription factor (TF) linked to GPCR via a protease cleavage site. Recruitment of protease-tagged β-arrestin irreversibly cleaves and 
releases the TF to enter the nucleus for transcription. The TF directly regulates the transcription of a β-lactamase reporter construct, 
which catalyzes the turnover of an exogenous fluorescent substrate containing two fluoroprobes – coumarin and fluorescein. An 
HTRF-based total β-arrestin cellular kit (PerkinElmer) quantifies the expression level of β-arrestins [104]. Also, another HTRF-based 
β-arr2 recruitment kit (PerkinElmer) helps to characterize the β-arrestin recruitment by monitoring the interaction between the 
endogenous β-arrestin and adaptor protein AP-2, which plays a critical role in clathrin-mediated endocytosis [105]. 

3.1.4. Fluorescent ligand-based assay 
Fluorescent-labeled ligands such as GPCR agonists or antagonists linked to fluorophore are employed in a range of fluorescence- 

based applications, including FP/FA and FRET, to characterize GPCR biology successfully, in particular, GPCR-ligand interactions 
[106–110]. GPCR-fluorescent ligands are advantageous over classical GPCR radioligands in HTS approaches for the development of 
novel therapeutics. However, care must be taken in designing the fluorescence ligand so that the attachment of fluorophore through a 
suitable linker should not affect the binding affinity and selectivity of the parent ligand [111]. Fluorescent dyes such as Cy5, ALEXA, 
BODIPY, TAMRA, Texas Red and Fluorescein (Thermo Fisher Scientific) linked to GPCR-binding peptides and small molecules are 
often used as fluorescent ligands in competitive binding experiments to identify novel small molecules [112–116]. More detailed 
applications of GPCR fluorescent ligands can be found in the published literature [117–119]. 

3.2. GTPase activity assay 

Activated GPCRs act as an exchange factor to enhance the release of GDP and subsequent binding of GTP to G-proteins to initiate 
unique intracellular signaling responses [120]. Moreover, Gα12/13, Gαq and Gβγ subunits are known to directly interact with guanine 
nucleotide exchange factor (GEF) RhoGEF through which GPCRs activate the small GTPase Rho (Fig. 4) [121–123]. Small GTPases 
constitute a superfamily of enzymes that function as molecular switches and are grouped into five subfamilies, i.e., Ras, Rho, Rab, Ran 
and Arf, based on sequence homologies [124,125]. The interplay between GTP-bound ‘on’ and GDP-bound ‘off’ states of GTPases is 
regulated by GEFs and GTPase activating proteins (GAPs), respectively (Fig. 4A) [126,127]. Usually, the interaction between the 
GTP-bound GTPases with the downstream effector proteins regulates the cellular responses [128,129]. Activating mutations in Ras 
GTPases are found in 30%–60% of human malignancies and hence are one of the most sought-after targets for drug discovery 
[130–132]. Most commonly, the fluorescence-labeled GTP, GDP or their inactive analogues are used in HTS assay formats such as FP, 
FI, FRET and TR-FRET and are demonstrated to be valuable tools to measure the activity and discovery of bioactive molecules for 
modulating GTPases, GEFs, GAPs and downstream effectors [133–138]. MANT (n-methyl-3′-o-anthranoyl) and BODIPY are the widely 
used dyes in these assays. Still, there are other commercially available fluorophores as well (e.g., Jena Biosciences provide a wide range 
of fluorophore-labeled nucleotides). Interestingly, fluorescently labeled γ-phosphate-linked GTP analogues were shown to readily 
displace the native bound GDP with high intrinsic exchange rates in the presence of Mg2+, accompanied by substantial fluorescence 
enhancements and thereby acting as a synthetic low-molecular-weight nucleotide exchange factor [139]. GEF-mediated GTPases 
activity is measured in two complementary fluorescence intensity-based assays: (i) measuring the loss of fluorescence intensity due to 
GEF-mediated deloading of fluorescently labeled GDP and (ii) measuring an increase in fluorescence due to GEF-mediated loading of 
labeled GTP into a binding pocket occupied by unlabeled GDP (Fig. 4B). Bell Brook Labs have developed Transcreener GDP assay kits 
that selectively immunodetect the GDP produced by GTPases during GTP hydrolysis (www.bellbrooklabs.com). The kit contains a 
far-red fluorescent labeled GDP as a tracer and an antibody selective to GDP. The GDP produced in the reaction competes with the 
tracer, changing the fluorescent properties and providing fluorescence readout. This assay is available in HTS-compatible FI, FP and 
TR-FRET formats and provides a platform to screen compound libraries [140–146]. Also, KRAS WT GTP binding kit (Cisbio) helps test 
the compounds competing with GTP-red reagent as a tracer binds to 6-His tagged human GTPase protein and an anti-6His crypt-
ate-labeled antibody. Recently, a TR-FRET based assay was developed to find inhibitors targeting Ras GTPase activity [147]. The assay 
measures the loading of fluorescently labeled GTP analogue (FRET-acceptor) onto GST-tagged GTPase that binds anti-GST-terbium 
(FRET-donor), which results in an increased FRET signal (On-assay). Similarly, a secondary assay was developed to measure the 
unloading of labeling GDP from GST-tagged GTPase that binds anti-GST-terbium, which results in decreased FRET signal (off-assay) 
(Fig. 4C). These on- and off-assays complement each other to pick GTP-competitive hits and eliminate false positives at the same time. 
Some fluorescence-based methods permit real-time monitoring of GTPase activity by measuring of inorganic phosphates (Pi) released 
during GTP hydrolysis (Fig. 4A). These assays measure the increase in fluorescence intensity when Pi binds to either phosphate-binding 
protein modified with a fluorophore (e.g., MDCC-tagged protein from Thermo Fisher Scientific) or coupled with other enzymes 
resulting in the formation of a fluorescent product (e.g., resorufin in case of PiPer™ Phosphate assay kit from Invitrogen). Interestingly, 
a new dual-parametric FRET-based technique enables the GEF-mediated loading of Eu3+-labeled GTP monitored by emission at 650 
nm and subsequent Eu3+-labeled GTP-loaded RAS interaction with effector protein labeling with Alex680 monitored at 730 nm. This 
homogeneous dual-parametric assay enables separable detection of nucleotide exchange and GTPase-effector interaction inhibitors 
[148]. 
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3.3. Protein-protein interactions (PPIs) 

3.3.1. Phosphorylation-mediated interaction 
In almost all cellular pathways, PPIs have been recognized as crucial regulators [149,150]. Targeted modulation of PPIs has 

enormous potential as therapeutic targets in drug development as that would enable selective interference with specific signaling 
pathways. However, probing PPIs with small-molecule inhibitors or stabilizers is often difficult due to large and shallow binding 
interfaces, because of which PPIs are classically recognized as “undruggable” [151]. Notably, despite the inherent difficulty in tar-
geting PPIs, there have been efforts leading to the successful discovery of novel PPI modulators [152]. Posttranslational modifications 
(PTMs) are reversible processes that change the functional diversity of proteins via the covalent addition of functional groups such as 
phosphorylation, acetylation, glycosylation, ubiquitination, nitrosylation, methylation and lipidation [153]. Cellular signaling is 
frequently initiated by phosphorylation at amino acids serine, threonine, and tyrosine by protein kinases [154]. Further, these 
modifications are recognized by specialized protein modules such as 14-3-3, forkhead associated (FHA) and BRCA1 C-terminal (BRCT), 
effectively rewiring the downstream cellular responses [155]. Phosphorylation-dependent PPIs are vital events, and any defect in these 
interactions leads to abnormal phenotypes [156]. For example, nuclear protein BACH1 in its phosphorylated form directly interacts 
with the highly conserved C-terminal BRCT repeats of tumor suppressor protein BRCA1, and any mutation within the BRCT repeats 
disrupts the interaction, leading to defects in DNA repair, and is reported in breast and ovarian cancer [157]. Our group and others 
have a long-standing interest in targeting these phosphoprotein-binding modules for therapeutic intervention [158,159]. Protein 
kinases phosphorylate specific Ser/Thr/Tyr residues located in the conserved region commonly observed in the unstructured region of 
proteins [159]. The phosphorylated Ser/Thr/Tyr and the residues that span the site of phosphorylation, called “hot spot”, confer the 
most binding energy and specificity for interaction with specialized protein modules such as 14-3-3, BRCT and FH [160–162]. Thus, 
these phosphorylation-mediated interactions in hot spots are targets for small-molecule and peptidomimetics modulators. A suitable 
synthetic fluorescent-labeled phosphopeptide (tracer) derived from substrate protein is crucial in successfully developing a 
high-throughput FP assay. A typical phosphopeptide is designed with the region spanning approximately − 5 to +5 residues from the 
site of phosphorylation (pSer, pThr or pTyr) that acts as a hotspot region and binds with phosphopeptide-binding protein modules. The 
size and molecular weight of phosphopeptides change upon binding to protein modules and, thereby, are a factor in determining the 
dynamic range of FP assays [23]. Also, the choice of fluorophores can influence the dynamic range and quality of the assay (Table 1) 
[163]. Usually, dyes with red-shift spectra might help to avoid blue/green fluorescence interference from compound libraries. Based 
on understanding of the peptide interaction, fluorophore labeling of phosphopeptides can be done either at the N- or C- terminal ends. 

Fig. 5. A. An illustration of the FP-based HTS screening of peptidomimetics/small molecules towards the BRCA1 – tBRCT domain. B. A fragment 
screening pipeline with FTSA as a primary screening tool. 1D NMR, SPR and ITC are employed for orthogonal validation and the availability of co- 
crystal crystal reveals the binding mode fragments for Hit elaboration. 
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As a case example, we have identified bioactive inhibitors for BRCA1-tBRCT domain interaction with its cognate BACH1 phospho-
peptide using an N-terminal TAMRA-labeled serine phosphorylated BACH1 peptide (12-mer spaning − 6 to +5 pSer site; 
GGSRSTpSPTFNK) [158]. The non-labeled BACH1 phosphopeptide was used as a positive control that efficiently displaced the labeled 
phosphopeptide leading to a loss in FP values (Fig. 5A) [158]. A similar approach has been made in finding inhibitors targeting the 
14-3-3 phosphobinding protein module [164,165]. In general, FP assays are a popular choice in HTS for targeting PPIs due to their ease 
of design [23,166–169]. 

3.3.2. Acetylation-dependent interaction 
One of the predominant types of histone modifications is acetylation, which is catalysed by ‘writers’ histone acetyltransferases 

(HATs), cleared by ‘erasers’ histone deacetylases (HDACs) and recognized by ‘readers’ bromodomains [170]. Acetylation can locally 
disrupt the condensed state of the chromatin fiber, increasing the accessibility of DNA for protein factors [171]. These epigenetic 
regulators are involved in critical cellular processes such as nucleosome assembly, DNA damage repair and transcriptional regulation 
[172]. The aberrant levels and activities of histone acetyl modification proteins are correlated with several human diseases and 
therefore make them an important class of drug targets [170–173]. HATs transfer a negatively charged acetyl group from acetyl-CoA to 
the lysine residues at the ε-amino group on histone proteins generating free coenzyme A (CoA-SH). The familiar fluorometric-based 
assay measures the free CoA produced by the HAT on reacting with a sulfhydryl-scavenging probe, such as MMBC (LGC Biosearch 
Tech.) and CPM (Abcam, Thermo Fisher Scientific), to form a highly fluorescent CoA-MMBC/CPM adduct quantified by fluorescence 
intensity [174–176]. Both these probes are non-fluorescent until they react with thiols, giving a clear activity profile of target proteins. 
Similarly, there are simple two-step fluorometric assays available such as FLUOR DE LYS®HDAC (Enzo Life Sciences), Amplite® 
Fluorimetric HDAC activity assay kit (AAT Bioquest) and Calbiochem® HDAC assay kit (MilliporeSigma) that measure the removal of 
an acetyl group from lysines by HDACs. In addition, the TR-FRET assay developed by PerkinElmer LANCE Ultra epigenetic kit has been 
used in HTS discovery against HATs, HDACs and bromodomains [174,177,178]. Cayman Chemical and BPS Biosciences offer TR-FRET 
HTS bromodomain kits [179,180]. 

3.3.3. Fragment screening using FTSA to target acetylation reader protein 
In the FBLD approach, fewer low-molecular-weight ligands (~150 Da) are screened against the target of interest. Although FBLD 

hits from initial screening have low binding potency, ranging from micromolar to millimolar concentrations, this approach offers a 
more effective and fruitful optimization campaign [181]. In general, FTSA has been employed alone or in combination with bio-
physical techniques such as ligand-based nuclear magnetic resonance (STD and WaterLOGSY NMR), surface plasmon resonance (SPR) 
and MST for fragment screening and hit identification (Fig. 5B) [182]. Protein-based NMR technique HSQC and isothermal titration 
calorimetry (ITC) are used for orthogonal validation of hits. Finally, the binding mode of fragments is resolved by a high-resolution 
crystallographic structure providing a fruitful way forward for fragments to be developed into a potent chemical molecule (Fig. 5B) 
[183]. 

In an interesting study, FTSA was used to discover inhibitors for bromodomain-1 of BRD4, in which 3695 fragments were screened 
using 4-μM BRD4, 6X SYPRO Orange dye and 100 μM of fragments at 1% DMSO. Compounds showing positive (48 fragments) and 
negative (31 fragments) thermal shifts were considered as initial hits, of which 73 fragments were reconfirmed at higher fragment 
concentrations. Based on the primary hits, 3200 new compounds were synthesized as “Active” and “Random” sets. Similarly, a “Non- 
active” set of 3432 compounds was generated from non-hit fragments. Re-screening of the new molecules resulted in 1.59%, 0.81%, 
and 0.97% hit rates for Active, Random and Non-active sets, respectively. Intriguingly, most of the Active-set hits showed positive 
thermal shifts. Totally, 108 hits from all sets were re-tested using FTSA for BRD4 protein at 10, 20, and 40 μM concentrations yielding 
61 validated hits, which were further tested using TR-FRET assay. Of these, 18 compounds showed at least 50% inhibition at 20 μM and 
11 were from the Active set. At least one molecule from each set had IC50 in the low single-digit micromolar range [50]. Another report 
used FTSA in parallel with SPR and MST assays, and a library of about 1700 compounds was screened against the bromodomain of 
BRD9. FTSA screening was performed with 10-μM protein, 25x SYPRO Orange, 400 μM fragments with 2% DMSO, and ΔTm ≥ 1 ◦C was 
considered a hit. MST screening resulted in 124 hits compared to 36 from FTSA and 45 from SPR. About 10% overlap was observed 
between SPR and FTSA hits; however, the overlap was very low for MST hits with SPR and FTSA hits. The hits identified using FTSA 
were more consistent in HSQC orthogonal validation. Out of 77 hits reconfirmed by 2D 1H–15N HSQC NMR spectra, 34 out of 36 
primary hits were from FTSA screen, 38 out of 45 primary hits were from SPR, and 38 out of 124 primary hits were from MST and 7 
common hits from all the three methods. Later, X-ray structures were resolved for 55 fragments by crystal soaking, yielding a fruitful 
fragment optimization strategy [184]. In another successful example, FTSA-based screening was applied to discover CBP/EP300 
bromodomain inhibitors from 2000 fragments. The screening was performed with 4 μM of protein, 5X SYPRO Orange dye and 800 μM 
fragments with 0.8% DMSO, and ΔTm ≥ 1 ◦C was considered for hit selection. The hits re-confirmed using TR-FRET assay were further 
validated with 1H–15N HSQC NMR, ITC and X-ray crystallography [185]. There are other reports as well that successfully employed 
FTSA-based fragment screening for the identification of bromodomain inhibitors [186–188]. Additionally, FTSA has been utilized to 
validate the hits identified from computational virtual screening approaches [189,190]. In the study, high throughput docking and MD 
simulations resulted in 24 virtual hit compounds for bromodomain1 of BRD4. When tested in FTSA with 2 μM of protein, 5X SYPRO 
Orange dye, 50 μM of compounds with 0.4% DMSO, 4 compounds showed ΔTm ≥ 1 ◦C [191]. Another interesting application of FTSA 
is in the evaluation of the selectivity of the ligand towards a panel of bromodomain-containing proteins referred to as BROMOscan, 
wherein a specific ligand is tested using FTSA for binding to multiple bromodomain proteins and the selectivity profiling is determined 
from Tm shifts [192,193]. FTSA has been actively employed in FBLD for other protein targets such as GTPases, GPCRs and PPIs as well 
[147,194–197]. 
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4. Challenges and future perspectives 

Fluorescence-based techniques such as FI, FP/FA, FRET and TR-FRET are routinely used to measure the binding kinetics of fluo-
rescently labeling ligands and the competitive binding of unlabeled ligands. They have gained usage in the last decade with the 
advancement in synthetic chemistry of fluorophore dyes, plate readers and ready-to-use assay kits. A search for high throughput 
screens using fluorescence-based methods on Google Scholar returns over 87,200 hits since 2012. Significantly, FP and TR-FRET are 
vastly preferred as primary assays to identify hits from large chemical libraries. These also have immense value as an orthogonal assay 
to validate identified hits, helping to measure binding affinity and inhibition constant to further optimise their potency and selectivity. 
However, fluorescent compounds and fluorescent impurities in screening libraries can interfere with fluorescence assay readouts 
[198]. A red-shifted dye labeling fluorescence ligand combined with TR-FRET assay provides the best solution to overcome compound 
interference arising from auto-fluorescence signal and other short-lived fluorescence sources. Commercially available TR-FRET assays 
have continued to evolve over the years for important drug target classes. For example, a fluorescently labeled substrate and an 
antibody selective to the substrate, cryptate-labeled anti-His/anti-GST antibody for capturing His-tag/GST-tag of molecular target 
binding to fluorescently labeled substrate/ligand, and direct covalent fluorescent labeling of target proteins offer robust development 
of TR-FRET assays for a vast range of molecular targets. 

Many therapeutically attractive protein targets have not been pursued or there have been few attempts to discover small molecules 
against them due to large and featureless interacting surfaces. In recent years, fragment-based screening has proven to be a precious 
tool in identifying small molecules against “undruggable” targets such as PPIs. FTSA has been widely implicated in fragment-based 
screening due to the ease of its implementation in a high-throughput format. The fragments produce poorly defined thermal 
unfolding curves and have fluorescence properties that are not amenable to FTSA. Fragment binding can result in both positive and 
negative thermal shifts. In general, only the fragments that produce positive thermal shifts are pursued for optimization, while those 
that result in negative thermal shifts are excluded. However, the negative thermal shift fragments were also demonstrated to have 
potential values [199,200]. Therefore, evaluating both positive and negative thermal shift hits in orthogonal validation methods like 
NMR, SPR, and MST is worthwhile. During the fragment optimization campaigns, fluorescence-based assays that measure the 
inhibitory effect of optimized fragments are preferred. 

Only a small fraction of functionally significant protein targets encoded in the human genome is accessible to modulation using 
small-molecule chemical tools, impeding chemical biology and the development of new therapeutics [201–203]. Multiple assessment 
aspects such as genetic validation, assayability, druggability and safety issues have to be considered to expand the portfolio of targets 
amenable to chemical modulation. In such a scenario, having a wide repertoire of biochemical and biophysical HTS assays becomes 
imperative to assess novel biological targets. To this end, the fluorescence-based assays have huge translational potential both in 
academia and biopharma industries, exploring fundamental biomolecular functions and developing potent and safe chemical probes 
against novel targets that are different from traditional drug targets. 

5. Conclusion 

An overview of principles, advantages, and limitations of various fluorescence-based high-throughput techniques such as FP, FRET, 
TR-FRET, FLT, PIFE, FTSA and MST have been discussed here. These techniques have gained widespread applications in early drug 
discovery processes due to their sensitivity, robustness, and availability for high-throughput formats. Recent advances in fluorescence- 
based assays for important drug target classes such as GPCR and GTPases, as well as phosphorylation- and acetylation-mediated PPIs 
are reviewed, focusing on the commercially available high-throughput assay kits. The recent development in these techniques has 
facilitated extending their usage for characterization and screening activities against novel targets for developing therapeutics. 

Funding 

This work was funded by Department of Biotechnology, Govt. of India, reference no. BT/PR7222/MED/31/1901/2012. 

Data availability statement 

Data included in article/referenced in article. 

Additional information 

No additional information is available for this paper. 

CRediT authorship contribution statement 

Vikrant Kumar: Data curation, Writing – original draft, Writing – review & editing. Puneeth Kumar Chunchagatta Lakshman: 
Data curation, Writing – original draft. Thazhe Kootteri Prasad: Data curation, Writing – original draft, Writing – review & editing. 
Kavyashree Manjunath: Data curation. Sneha Bairy: Data curation. Akshaya S. Vasu: Data curation. B. Ganavi: Data curation. 
Subbarao Jasti: Data curation. Neelagandan Kamariah: Conceptualization, Data curation, Writing – original draft, Writing – review 
& editing. 

V. Kumar et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e23864

12

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Abbreviations 

ANS 8-anilino-1-naphthalenesulfonic acid 
BODIPY Boron-dipyrromethene 
BRCA1 BReast CAncer gene 1 
BRCT BRCA1 C-terminal 
cAMP Cyclic adenosine monophosphate 
CETSA Cellular thermal shift assay 
CoA-SH Free coenzyme A 
CPM N-[4-(7-diethylamino-4-methylcoumarin-3- yl)phenyl]maleimide 
Cy3 Cyanine dye 3 
Cy5 Cyanine dye 5 
DAG Diacylglycerol 
DMSO Dimethyl sulfoxide 
FBLD Fragment-based ligand discovery 
FA Fluorescence anisotropy 
FHA Forkhead associated domain 
FI Fluorescence intensity 
FLT Fluorescence lifetime 
FP Fluorescence polarization 
FRET Förster resonance energy transfer 
FTSA Fluorescence thermal shift assay 
Gαq Gq alpha subunit 
GAP GTPase activating proteins 
GDP Guanosine diphosphate 
GEF Guanine nucleotide exchange factors 
GPCR G protein-coupled receptors 
GTP Guanosine-5′-triphosphate 
HAT Histone acetyltransferases 
HDAC Histone deacetylases 
HSQC Heteronuclear single quantum coherence spectroscopy 
HTS High-throughput screening 
IP1 Inositol monophosphate 
IP3 Inositol trisphosphate 
ITC Isothermal titration calorimetry 
MANT n-methyl-3′-o-anthranoyl 
MMBC Methyl 10-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-9-methoxy-3-oxo-3H-benzo[f]chromene-2-carboxylate 
mP Milli polarization 
MST Microscale thermophoresis 
ns Nanosecond 
PIFE Protein-induced fluorescence enhancement 
pSer Phosphoserine 
pThr Phosphothreonine 
pTyr Phosphotyrosine 
PPI Protein-protein Interactions 
PTM Posttranslational modification 
RhoA Ras homolog family member A 
ROX Carboxy-X-rhodamine 
TF Transcription factor 
Tm Melting temperature 
TR-FRET Time-resolved Förster energy transfer 
SPR Surface plasmon resonance 
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[69] M. Reichl, M. Herzog, A. Götz, D. Braun, Why charged molecules move across a temperature gradient: the role of electric fields, Phys. Rev. Lett. 112 (2014), 
198101, https://doi.org/10.1103/PhysRevLett.112.198101. 

[70] P. Reineck, C.J. Wienken, D. Braun, Thermophoresis of single stranded DNA, Electrophoresis 31 (2010) 279–286, https://doi.org/10.1002/elps.200900505. 
[71] D. Wootten, A. Christopoulos, M. Marti-Solano, M.M. Babu, P.M. Sexton, Mechanisms of signalling and biased agonism in G protein-coupled receptors, Nat. 

Rev. Mol. Cell Biol. 19 (2018) 638–653, https://doi.org/10.1038/s41580-018-0049-3. 
[72] D. Yang, Q. Zhou, V. Labroska, S. Qin, S. Darbalaei, Y. Wu, E. Yuliantie, L. Xie, H. Tao, J. Cheng, Q. Liu, S. Zhao, W. Shui, Y. Jiang, M.-W. Wang, G protein- 

coupled receptors: structure- and function-based drug discovery, Signal Transduct. Targeted Ther. 6 (2021) 7, https://doi.org/10.1038/s41392-020-00435-w. 
[73] T. Klabunde, G. Hessler, Drug design strategies for targeting G-protein-coupled receptors, Chembiochem 3 (2002) 928–944, https://doi.org/10.1002/1439- 

7633(20021004)3:10<928::AID-CBIC928>3.0.CO;2-5. 
[74] K. Sriram, P.A. Insel, G protein-coupled receptors as targets for approved drugs: how many targets and how many drugs? Mol. Pharmacol. 93 (2018) 251–258, 

https://doi.org/10.1124/mol.117.111062. 
[75] C. Klenk, J. Ehrenmann, M. Schtz, A. Plckthun, A generic selection system for improved expression and thermostability of G protein-coupled receptors by 

directed evolution, Sci. Rep. 6 (2016), 21294, https://doi.org/10.1038/srep21294. 
[76] Y. Waltensphl, J. Ehrenmann, C. Klenk, A. Plckthun, Engineering of challenging G protein-coupled receptors for structure determination and biophysical 

studies, Molecules 26 (2021) 1465, https://doi.org/10.3390/molecules26051465. 
[77] Y. Fang, A.G. Frutos, J. Lahiri, G-protein-coupled receptor microarrays, Chembiochem 3 (2002) 987–991, https://doi.org/10.1002/1439-7633(20021004)3: 

10<987::AID-CBIC987>3.0.CO;2-M. 
[78] Y. Hong, B.L. Webb, S. Pai, A. Ferrie, J. Peng, F. Lai, J. Lahiri, G. Biddlecome, B. Rasnow, M. Johnson, H. Min, Y. Fang, J. Salon, G-protein-coupled receptor 

microarrays for multiplexed compound screening, SLAS Discov. 11 (2006) 435–438, https://doi.org/10.1177/1087057106287139. 
[79] S. Lavington, A. Watts, Lipid nanoparticle technologies for the study of G protein-coupled receptors in lipid environments, Biophys. Rev. 12 (2020) 1287–1302, 

https://doi.org/10.1007/s12551-020-00775-5. 

V. Kumar et al.                                                                                                                                                                                                         

https://doi.org/10.3390/sci1010019
https://doi.org/10.1016/j.ab.2004.04.031
https://doi.org/10.1038/nprot.2014.138
https://doi.org/10.1016/j.jpba.2018.08.017
https://doi.org/10.1016/j.freeradbiomed.2018.02.027
https://doi.org/10.1038/s41467-019-11078-z
https://doi.org/10.1016/j.bmc.2018.05.010
https://doi.org/10.1021/acsomega.2c00340
https://doi.org/10.1371/journal.pone.0081504
https://doi.org/10.1038/s41598-018-37072-x
https://doi.org/10.1038/s41598-021-81743-1
https://doi.org/10.3390/ijms23137095
https://doi.org/10.1080/19420862.2021.1955810
https://doi.org/10.1021/acs.analchem.9b05712
https://doi.org/10.1021/acs.jpclett.0c03861
https://doi.org/10.1021/acs.jpclett.0c03861
https://doi.org/10.1002/ange.202000845
https://doi.org/10.1002/ange.202000845
https://doi.org/10.1016/j.ccr.2021.214135
https://doi.org/10.1073/pnas.2302367120
https://doi.org/10.1073/pnas.2302367120
https://doi.org/10.3390/ijms23147672
https://doi.org/10.1038/ncomms1093
https://doi.org/10.3390/ph15030308
https://doi.org/10.1038/s41598-022-21342-w
https://doi.org/10.1038/s41598-022-21342-w
https://Nanotempertech.Com/Dianthus-Nanopedia
https://doi.org/10.1016/j.talanta.2014.09.038
https://doi.org/10.1038/s41598-018-23154-3
https://doi.org/10.1089/adt.2011.0380
https://doi.org/10.1103/PhysRevLett.112.198101
https://doi.org/10.1002/elps.200900505
https://doi.org/10.1038/s41580-018-0049-3
https://doi.org/10.1038/s41392-020-00435-w
https://doi.org/10.1002/1439-7633(20021004)3:10<928::AID-CBIC928>3.0.CO;2-5
https://doi.org/10.1002/1439-7633(20021004)3:10<928::AID-CBIC928>3.0.CO;2-5
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.1038/srep21294
https://doi.org/10.3390/molecules26051465
https://doi.org/10.1002/1439-7633(20021004)3:10<987::AID-CBIC987>3.0.CO;2-M
https://doi.org/10.1002/1439-7633(20021004)3:10<987::AID-CBIC987>3.0.CO;2-M
https://doi.org/10.1177/1087057106287139
https://doi.org/10.1007/s12551-020-00775-5


Heliyon 10 (2024) e23864

15

[80] M. Zhang, M. Gui, Z.-F. Wang, C. Gorgulla, J.J. Yu, H. Wu, Z.J. Sun, C. Klenk, L. Merklinger, L. Morstein, F. Hagn, A. Plckthun, A. Brown, M.L. Nasr, G. Wagner, 
Cryo-EM structure of an activated GPCR–G protein complex in lipid nanodiscs, Nat. Struct. Mol. Biol. 28 (2021) 258–267, https://doi.org/10.1038/s41594- 
020-00554-6. 

[81] G.-D. Syu, S.-C. Wang, G. Ma, S. Liu, D. Pearce, A. Prakash, B. Henson, L.-C. Weng, D. Ghosh, P. Ramos, D. Eichinger, I. Pino, X. Dong, J. Xiao, S. Wang, N. Tao, 
K.S. Kim, P.J. Desai, H. Zhu, Development and application of a high-content virion display human GPCR array, Nat. Commun. 10 (2019) 1997, https://doi. 
org/10.1038/s41467-019-09938-9. 

[82] E.A. Yasi, N.S. Kruyer, P. Peralta-Yahya, Advances in G protein-coupled receptor high-throughput screening, Curr. Opin. Biotechnol. 64 (2020) 210–217, 
https://doi.org/10.1016/j.copbio.2020.06.004. 

[83] V.V. Gurevich, E.V. Gurevich, GPCR signaling regulation: the role of GRKs and arrestins, Front. Pharmacol. 10 (2019) 125, https://doi.org/10.3389/ 
fphar.2019.00125. 

[84] A.P. Campbell, A.V. Smrcka, Targeting G protein-coupled receptor signalling by blocking G proteins, Nat. Rev. Drug Discov. 17 (2018) 789–803, https://doi. 
org/10.1038/nrd.2018.135. 

[85] R. Zhang, X. Xie, Tools for GPCR drug discovery, Acta Pharmacol. Sin. 33 (2012) 372–384, https://doi.org/10.1038/aps.2011.173. 
[86] T. Wang, Z. Li, M.E. Cvijic, L. Zhang, C.S. Sum, Measurement of cAMP for Gαs- and Gαi protein-coupled receptors (GPCRs), in: S. Markossian, A. Grossman, 

K. Brimacombe, M. Arkin, D. Auld, C. Austin, J. Baell, T.D.Y. Chung, N.P. Coussens, J.L. Dahlin, V. Devanarayan, T.L. Foley, M. Glicksman, K. Gorshkov, J. 
V. Haas, M.D. Hall, S. Hoare, J. Inglese, P.W. Iversen, S.C. Kales, M. Lal-Nag, Z. Li, J. McGee, O. McManus, T. Riss, P. Saradjian, G.S. Sittampalam, M. Tarselli, 
O.J. Trask, Y. Wang, J.R. Weidner, M.J. Wildey, K. Wilson, M. Xia, X. Xu (Eds.), Assay Guidance Manual, Eli Lilly & Company and the National Center for 
Advancing Translational Sciences, Bethesda (MD), 2004. http://www.ncbi.nlm.nih.gov/books/NBK464633/. (Accessed 27 April 2023). 

[87] K.E. Garbison, B.A. Heinz, M.E. Lajiness, IP-3/IP-1 assays, in: S. Markossian, A. Grossman, K. Brimacombe, M. Arkin, D. Auld, C. Austin, J. Baell, T.D.Y. Chung, 
N.P. Coussens, J.L. Dahlin, V. Devanarayan, T.L. Foley, M. Glicksman, K. Gorshkov, J.V. Haas, M.D. Hall, S. Hoare, J. Inglese, P.W. Iversen, S.C. Kales, M. Lal- 
Nag, Z. Li, J. McGee, O. McManus, T. Riss, P. Saradjian, G.S. Sittampalam, M. Tarselli, O.J. Trask, Y. Wang, J.R. Weidner, M.J. Wildey, K. Wilson, M. Xia, X. Xu 
(Eds.), Assay Guidance Manual, Eli Lilly & Company and the National Center for Advancing Translational Sciences, Bethesda (MD), 2004. http://www.ncbi. 
nlm.nih.gov/books/NBK92004/. (Accessed 27 April 2023). 

[88] R. Forfar, M. Hussain, P. Khurana, J. Cook, S. Lewis, D. Popat, D. Jackson, E. McIver, J. Jerman, D. Taylor, A.J. Clark, L.F. Chan, Identification of a novel 
specific small-molecule melanocortin-2-receptor antagonist, Endocr. Connect. 11 (2022), e220338, https://doi.org/10.1530/EC-22-0338. 

[89] M. Esteban-Lopez, K.J. Wilson, C. Myhr, E.M. Kaftanovskaya, M.J. Henderson, N.T. Southall, X. Xu, A. Wang, X. Hu, E. Barnaeva, W. Ye, E.R. George, J. 
T. Sherrill, M. Ferrer, R. Morello, I.U. Agoulnik, J.J. Marugan, A.I. Agoulnik, Discovery of small molecule agonists of the relaxin family peptide receptor 2, 
Commun. Biol. 5 (2022) 1183, https://doi.org/10.1038/s42003-022-04143-9. 

[90] D.G. Dengler, Q. Sun, K.G. Harikumar, L.J. Miller, E.A. Sergienko, Screening for positive allosteric modulators of cholecystokinin type 1 receptor potentially 
useful for management of obesity, SLAS Discov. 27 (2022) 384–394, https://doi.org/10.1016/j.slasd.2022.07.001. 

[91] Y. Ma, Y. Ding, X. Song, X. Ma, X. Li, N. Zhang, Y. Song, Y. Sun, Y. Shen, W. Zhong, L.A. Hu, Y. Ma, M.-Y. Zhang, Structure-guided discovery of a single-domain 
antibody agonist against human apelin receptor, Sci. Adv. 6 (2020), eaax7379, https://doi.org/10.1126/sciadv.aax7379. 

[92] S.A. Dai, Q. Hu, R. Gao, E.E. Blythe, K.K. Touhara, H. Peacock, Z. Zhang, M. Von Zastrow, H. Suga, K.M. Shokat, State-selective modulation of heterotrimeric 
Gαs signaling with macrocyclic peptides, Cell 185 (2022), https://doi.org/10.1016/j.cell.2022.09.019, 3950-3965.e25. 

[93] R.J. Ward, G. Milligan, Structural and biophysical characterisation of G protein-coupled receptor ligand binding using resonance energy transfer and 
fluorescent labelling techniques, Biochimica et Biophysica Acta (BBA) - Biomembranes. 1838 (2014) 3–14, https://doi.org/10.1016/j.bbamem.2013.04.007. 

[94] N.B. Thillaiappan, P. Chakraborty, G. Hasan, C.W. Taylor, IP3 receptors and Ca2+ entry, Biochim. Biophys. Acta Mol. Cell Res. 1866 (2019) 1092–1100, 
https://doi.org/10.1016/j.bbamcr.2018.11.007. 

[95] R.M. Paredes, J.C. Etzler, L.T. Watts, W. Zheng, J.D. Lechleiter, Chemical calcium indicators, Methods 46 (2008) 143–151, https://doi.org/10.1016/j. 
ymeth.2008.09.025. 

[96] N. Mertes, M. Busch, M.-C. Huppertz, C.N. Hacker, J. Wilhelm, C.-M. Grth, S. Khn, J. Hiblot, B. Koch, K. Johnsson, Fluorescent and bioluminescent calcium 
indicators with tuneable colors and affinities, J. Am. Chem. Soc. 144 (2022) 6928–6935, https://doi.org/10.1021/jacs.2c01465. 

[97] K. Liu, N. Southall, S.A. Titus, J. Inglese, R.L. Eskay, P. Shinn, C.P. Austin, M.A. Heilig, W. Zheng, A multiplex calcium assay for identification of GPCR agonists 
and antagonists, Assay Drug Dev. Technol. 8 (2010) 362–374, https://doi.org/10.1089/adt.2009.0245. 

[98] Q. Ma, L. Ye, H. Liu, Y. Shi, N. Zhou, An overview of Ca 2+ mobilization assays in GPCR drug discovery, Expet Opin. Drug Discov. 12 (2017) 511–523, https:// 
doi.org/10.1080/17460441.2017.1303473. 

[99] S. Gmez-Melero, F.I. Garca-Maceira, T. Garca-Maceira, V. Luna-Guerrero, G. Montero-Pealvo, J. Caballero-Villarraso, I. Tnez, E. Paz-Rojas, Development of a 
high-throughput calcium mobilization assay for CCR6 receptor coupled to hydrolase activity readout, Biomedicines 10 (2022) 422, https://doi.org/10.3390/ 
biomedicines10020422. 

[100] T. Nguyen, A.M. Decker, R.W. Snyder, E.C. Tonetti, T.F. Gamage, Y. Zhang, Neuropeptide B/W receptor 1 peptidomimetic agonists: structure-activity 
relationships and plasma stability, Eur. J. Med. Chem. 231 (2022), 114149, https://doi.org/10.1016/j.ejmech.2022.114149. 

[101] E.V. Moo, J.R. Van Senten, H. Bruner-Osborne, T.C. Mller, Arrestin-dependent and -independent internalization of G protein–coupled receptors: methods, 
mechanisms, and implications on cell signaling, Mol. Pharmacol. 99 (2021) 242–255, https://doi.org/10.1124/molpharm.120.000192. 

[102] X. Zhao, A. Jones, K.R. Olson, K. Peng, T. Wehrman, A. Park, R. Mallari, D. Nebalasca, S.W. Young, S.-H. Xiao, A homogeneous enzyme fragment 
complementation-based β-arrestin translocation assay for high-throughput screening of G-protein-coupled receptors, SLAS Discov. 13 (2008) 737–747, https:// 
doi.org/10.1177/1087057108321531. 

[103] H. Eishingdrelo, J. Cai, P. Weissensee, P. Sharma, M.J. Tocci, P.S. Wright, A cell-based protein-protein interaction method using a permuted luciferase reporter, 
Curr. Chem. Genom. 5 (2011) 122–128, https://doi.org/10.2174/1875397301105010122. 

[104] J. Liu, H. Tang, C. Xu, S. Zhou, X. Zhu, Y. Li, L. Przeau, T. Xu, J.-P. Pin, P. Rondard, W. Ji, J. Liu, Biased signaling due to oligomerization of the G protein- 
coupled platelet-activating factor receptor, Nat. Commun. 13 (2022) 6365, https://doi.org/10.1038/s41467-022-34056-4. 

[105] J. Bous, A. Fouillen, H. Orcel, S. Trapani, X. Cong, S. Fontanel, J. Saint-Paul, J. Lai-Kee-Him, S. Urbach, N. Sibille, R. Sounier, S. Granier, B. Mouillac, P. Bron, 
Structure of the vasopressin hormone–V2 receptor–β-arrestin1 ternary complex, Sci. Adv. 8 (2022), eabo7761, https://doi.org/10.1126/sciadv.abo7761. 

[106] R.J. Middleton, B. Kellam, Fluorophore-tagged GPCR ligands, Curr. Opin. Chem. Biol. 9 (2005) 517–525, https://doi.org/10.1016/j.cbpa.2005.08.016. 
[107] S.G.B. Furness, Y.-L. Liang, C.J. Nowell, M.L. Halls, P.J. Wookey, E. Dal Maso, A. Inoue, A. Christopoulos, D. Wootten, P.M. Sexton, Ligand-dependent 

modulation of G protein conformation alters drug efficacy, Cell 167 (2016) 739–749.e11, https://doi.org/10.1016/j.cell.2016.09.021. 
[108] C. Klein Herenbrink, D.A. Sykes, P. Donthamsetti, M. Canals, T. Coudrat, J. Shonberg, P.J. Scammells, B. Capuano, P.M. Sexton, S.J. Charlton, J.A. Javitch, 

A. Christopoulos, J.R. Lane, The role of kinetic context in apparent biased agonism at GPCRs, Nat. Commun. 7 (2016), 10842, https://doi.org/10.1038/ 
ncomms10842. 

[109] D. Reiner, H. Stark, Ligand binding kinetics at histamine H3 receptors by fluorescence-polarization with real-time monitoring, Eur. J. Pharmacol. 848 (2019) 
112–120, https://doi.org/10.1016/j.ejphar.2019.01.041. 

[110] R. Link, S. Veiksina, A. Rinken, S. Kopanchuk, Characterization of ligand binding to melanocortin 4 receptors using fluorescent peptides with improved kinetic 
properties, Eur. J. Pharmacol. 799 (2017) 58–66, https://doi.org/10.1016/j.ejphar.2017.01.040. 

[111] A.J. Vernall, S.J. Hill, B. Kellam, The evolving small-molecule fluorescent-conjugate toolbox for Class A GPCRs: fluorescent ligands for GPCRs, Br. J. 
Pharmacol. 171 (2014) 1073–1084, https://doi.org/10.1111/bph.12265. 

[112] L.A. Stoddart, A.J. Vernall, J.L. Denman, S.J. Briddon, B. Kellam, S.J. Hill, Fragment screening at adenosine-A3 receptors in living cells using a fluorescence- 
based binding assay, Chem. Biol. 19 (2012) 1105–1115, https://doi.org/10.1016/j.chembiol.2012.07.014. 

[113] X. Iturrioz, R. Alvear-Perez, N. De Mota, C. Franchet, F. Guillier, V. Leroux, H. Dabire, M. Le Jouan, H. Chabane, R. Gerbier, D. Bonnet, A. Berdeaux, B. Maigret, 
J. Galzi, M. Hibert, C. Llorens-Cortes, Identification and pharmacological properties of E339–3D6, the first nonpeptidic apelin receptor agonist, FASEB J. 24 
(2010) 1506–1517, https://doi.org/10.1096/fj.09-140715. 

V. Kumar et al.                                                                                                                                                                                                         

https://doi.org/10.1038/s41594-020-00554-6
https://doi.org/10.1038/s41594-020-00554-6
https://doi.org/10.1038/s41467-019-09938-9
https://doi.org/10.1038/s41467-019-09938-9
https://doi.org/10.1016/j.copbio.2020.06.004
https://doi.org/10.3389/fphar.2019.00125
https://doi.org/10.3389/fphar.2019.00125
https://doi.org/10.1038/nrd.2018.135
https://doi.org/10.1038/nrd.2018.135
https://doi.org/10.1038/aps.2011.173
http://www.ncbi.nlm.nih.gov/books/NBK464633/
http://www.ncbi.nlm.nih.gov/books/NBK92004/
http://www.ncbi.nlm.nih.gov/books/NBK92004/
https://doi.org/10.1530/EC-22-0338
https://doi.org/10.1038/s42003-022-04143-9
https://doi.org/10.1016/j.slasd.2022.07.001
https://doi.org/10.1126/sciadv.aax7379
https://doi.org/10.1016/j.cell.2022.09.019
https://doi.org/10.1016/j.bbamem.2013.04.007
https://doi.org/10.1016/j.bbamcr.2018.11.007
https://doi.org/10.1016/j.ymeth.2008.09.025
https://doi.org/10.1016/j.ymeth.2008.09.025
https://doi.org/10.1021/jacs.2c01465
https://doi.org/10.1089/adt.2009.0245
https://doi.org/10.1080/17460441.2017.1303473
https://doi.org/10.1080/17460441.2017.1303473
https://doi.org/10.3390/biomedicines10020422
https://doi.org/10.3390/biomedicines10020422
https://doi.org/10.1016/j.ejmech.2022.114149
https://doi.org/10.1124/molpharm.120.000192
https://doi.org/10.1177/1087057108321531
https://doi.org/10.1177/1087057108321531
https://doi.org/10.2174/1875397301105010122
https://doi.org/10.1038/s41467-022-34056-4
https://doi.org/10.1126/sciadv.abo7761
https://doi.org/10.1016/j.cbpa.2005.08.016
https://doi.org/10.1016/j.cell.2016.09.021
https://doi.org/10.1038/ncomms10842
https://doi.org/10.1038/ncomms10842
https://doi.org/10.1016/j.ejphar.2019.01.041
https://doi.org/10.1016/j.ejphar.2017.01.040
https://doi.org/10.1111/bph.12265
https://doi.org/10.1016/j.chembiol.2012.07.014
https://doi.org/10.1096/fj.09-140715


Heliyon 10 (2024) e23864

16

[114] M.A. Arruda, L.A. Stoddart, K. Gherbi, S.J. Briddon, B. Kellam, S.J. Hill, A non-imaging high throughput approach to chemical library screening at the 
unmodified adenosine-A3 receptor in living cells, Front. Pharmacol. 8 (2017) 908, https://doi.org/10.3389/fphar.2017.00908. 

[115] A. Ranganathan, L.A. Stoddart, S.J. Hill, J. Carlsson, Fragment-based discovery of subtype-selective adenosine receptor ligands from homology models, J. Med. 
Chem. 58 (2015) 9578–9590, https://doi.org/10.1021/acs.jmedchem.5b01120. 

[116] M.-J. Tahk, T. Laasfeld, E. Meriste, J. Brea, M.I. Loza, M. Majellaro, M. Contino, E. Sotelo, A. Rinken, Fluorescence based HTS-compatible ligand binding assays 
for dopamine D3 receptors in baculovirus preparations and live cells, Front. Mol. Biosci. 10 (2023), 1119157, https://doi.org/10.3389/fmolb.2023.1119157. 

[117] C. Iliopoulos-Tsoutsouvas, R.N. Kulkarni, A. Makriyannis, S.P. Nikas, Fluorescent probes for G-protein-coupled receptor drug discovery, Expet Opin. Drug 
Discov. 13 (2018) 933–947, https://doi.org/10.1080/17460441.2018.1518975. 

[118] F. Ciruela, K.A. Jacobson, V. Fernndez-Dueas, Portraying G protein-coupled receptors with fluorescent ligands, ACS Chem. Biol. 9 (2014) 1918–1928, https:// 
doi.org/10.1021/cb5004042. 

[119] M. Soave, S.J. Briddon, S.J. Hill, L.A. Stoddart, Fluorescent ligands: bringing light to emerging GPCR paradigms, Br. J. Pharmacol. 177 (2020) 978–991, 
https://doi.org/10.1111/bph.14953. 

[120] W.M. Oldham, H.E. Hamm, Heterotrimeric G protein activation by G-protein-coupled receptors, Nat. Rev. Mol. Cell Biol. 9 (2008) 60–71, https://doi.org/ 
10.1038/nrm2299. 

[121] M.J. Hart, X. Jiang, T. Kozasa, W. Roscoe, W.D. Singer, A.G. Gilman, P.C. Sternweis, G. Bollag, Direct stimulation of the guanine nucleotide exchange activity 
of p115 RhoGEF by Gα 13, Science 280 (1998) 2112–2114, https://doi.org/10.1126/science.280.5372.2112. 

[122] T. Kozasa, X. Jiang, M.J. Hart, P.M. Sternweis, W.D. Singer, A.G. Gilman, G. Bollag, P.C. Sternweis, p115 RhoGEF, a GTPase activating protein for Gα 12 and Gα 
13, Science 280 (1998) 2109–2111, https://doi.org/10.1126/science.280.5372.2109. 

[123] M. Aittaleb, C.A. Boguth, J.J.G. Tesmer, Structure and function of heterotrimeric G protein-regulated Rho guanine nucleotide exchange factors, Mol. 
Pharmacol. 77 (2010) 111–125, https://doi.org/10.1124/mol.109.061234. 

[124] H.R. Bourne, D.A. Sanders, F. McCormick, The GTPase superfamily: a conserved switch for diverse cell functions, Nature 348 (1990) 125–132, https://doi.org/ 
10.1038/348125a0. 

[125] D.D. Leipe, Y.I. Wolf, E.V. Koonin, L. Aravind, Classification and evolution of P-loop GTPases and related ATPases, J. Mol. Biol. 317 (2002) 41–72, https://doi. 
org/10.1006/jmbi.2001.5378. 

[126] I.R. Vetter, A. Wittinghofer, The guanine nucleotide-binding switch in three dimensions, Science 294 (2001) 1299–1304, https://doi.org/10.1126/ 
science.1062023. 

[127] J. Cherfils, M. Zeghouf, Regulation of small GTPases by GEFs, GAPs, and GDIs, Physiol. Rev. 93 (2013) 269–309, https://doi.org/10.1152/ 
physrev.00003.2012. 

[128] M.V. Milburn, L. Tong, A.M. deVos, A. Brnger, Z. Yamaizumi, S. Nishimura, S.-H. Kim, Molecular switch for signal transduction: structural differences between 
active and inactive forms of protooncogenic ras proteins, Science 247 (1990) 939–945, https://doi.org/10.1126/science.2406906. 

[129] R.C. Gimple, X. Wang, RAS: striking at the core of the oncogenic circuitry, Front. Oncol. 9 (2019) 965, https://doi.org/10.3389/fonc.2019.00965. 
[130] I.A. Prior, P.D. Lewis, C. Mattos, A comprehensive survey of ras mutations in cancer, Cancer Res. 72 (2012) 2457–2467, https://doi.org/10.1158/0008-5472. 

CAN-11-2612. 
[131] D.K. Simanshu, D.V. Nissley, F. McCormick, RAS proteins and their regulators in human disease, Cell 170 (2017) 17–33, https://doi.org/10.1016/j. 

cell.2017.06.009. 
[132] A. Fernandez-Medarde, E. Santos, Ras in cancer and developmental diseases, Genes Cancer 2 (2011) 344–358, https://doi.org/10.1177/1947601911411084. 
[133] L. Hong, S.R. Kenney, G.K. Phillips, D. Simpson, C.E. Schroeder, J. Nth, E. Romero, S. Swanson, A. Waller, J.J. Strouse, M. Carter, A. Chigaev, O. Ursu, 

T. Oprea, B. Hjelle, J.E. Golden, J. Aub, L.G. Hudson, T. Buranda, L.A. Sklar, A. Wandinger-Ness, Characterization of a Cdc42 protein inhibitor and its use as a 
molecular probe, J. Biol. Chem. 288 (2013) 8531–8543, https://doi.org/10.1074/jbc.M112.435941. 

[134] C.R. Evelyn, X. Duan, J. Biesiada, W.L. Seibel, J. Meller, Y. Zheng, Rational design of small molecule inhibitors targeting the Ras GEF, SOS1, Chem. Biol. 21 
(2014) 1618–1628, https://doi.org/10.1016/j.chembiol.2014.09.018. 

[135] C.R. Evelyn, T. Ferng, R.J. Rojas, M.J. Larsen, J. Sondek, R.R. Neubig, High-throughput screening for small-molecule inhibitors of LARG-stimulated RhoA 
nucleotide binding via a novel fluorescence polarization assay, SLAS Discov. 14 (2009) 161–172, https://doi.org/10.1177/1087057108328761. 

[136] A.M. Blaise, E.E. Corcoran, E.S. Wattenberg, Y.-L. Zhang, J.R. Cottrell, A.J. Koleske, In vitro fluorescence assay to measure GDP/GTP exchange of guanine 
nucleotide exchange factors of Rho family GTPases, Biology Methods Protocols 7 (2022), bpab024, https://doi.org/10.1093/biomethods/bpab024. 

[137] D. Kessler, M. Gmachl, A. Mantoulidis, L.J. Martin, A. Zoephel, M. Mayer, A. Gollner, D. Covini, S. Fischer, T. Gerstberger, T. Gmaschitz, C. Goodwin, P. Greb, 
D. Hring, W. Hela, J. Hoffmann, J. Karolyi-Oezguer, P. Knesl, S. Kornigg, M. Koegl, R. Kousek, L. Lamarre, F. Moser, S. Munico-Martinez, C. Peinsipp, J. Phan, 
J. Rinnenthal, J. Sai, C. Salamon, Y. Scherbantin, K. Schipany, R. Schnitzer, A. Schrenk, B. Sharps, G. Siszler, Q. Sun, A. Waterson, B. Wolkerstorfer, M. Zeeb, 
M. Pearson, S.W. Fesik, D.B. McConnell, Drugging an undruggable pocket on KRAS, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 15823–15829, https://doi.org/ 
10.1073/pnas.1904529116. 

[138] T. Kanie, P. Jackson, Guanine nucleotide exchange assay using fluorescent MANT-GDP, BIO-PROTOCOL 8 (2018), https://doi.org/10.21769/BioProtoc.2795. 
[139] J. Korlach, D.W. Baird, A.A. Heikal, K.R. Gee, G.R. Hoffman, W.W. Webb, Spontaneous nucleotide exchange in low molecular weight GTPases by fluorescently 

labeled γ-phosphate-linked GTP analogs, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 2800–2805, https://doi.org/10.1073/pnas.0308579100. 
[140] W. Sun, J.L. Vanhooke, J. Sondek, Q. Zhang, High-throughput fluorescence polarization assay for the enzymatic activity of GTPase-activating protein of ADP- 

Ribosylation factor (ARFGAP), SLAS Discov. 16 (2011) 717–723, https://doi.org/10.1177/1087057111408420. 
[141] X. Shang, F. Marchioni, C.R. Evelyn, N. Sipes, X. Zhou, W. Seibel, M. Wortman, Y. Zheng, Small-molecule inhibitors targeting G-protein–coupled Rho guanine 

nucleotide exchange factors, Proc. Natl. Acad. Sci. U.S.A. 110 (2013) 3155–3160, https://doi.org/10.1073/pnas.1212324110. 
[142] M. Reichman, A. Schabdach, M. Kumar, T. Zielinski, P.S. Donover, L.D. Laury-Kleintop, R.G. Lowery, A high-throughput assay for Rho guanine nucleotide 

exchange factors based on the transcreener GDP assay, SLAS Discov. 20 (2015) 1294–1299, https://doi.org/10.1177/1087057115596326. 
[143] T. Maurer, L.S. Garrenton, A. Oh, K. Pitts, D.J. Anderson, N.J. Skelton, B.P. Fauber, B. Pan, S. Malek, D. Stokoe, M.J.C. Ludlam, K.K. Bowman, J. Wu, A. 

M. Giannetti, M.A. Starovasnik, I. Mellman, P.K. Jackson, J. Rudolph, W. Wang, G. Fang, Small-molecule ligands bind to a distinct pocket in Ras and inhibit 
SOS-mediated nucleotide exchange activity, Proc. Natl. Acad. Sci. U.S.A. 109 (2012) 5299–5304, https://doi.org/10.1073/pnas.1116510109. 

[144] X. Shang, F. Marchioni, N. Sipes, C.R. Evelyn, M. Jerabek-Willemsen, S. Duhr, W. Seibel, M. Wortman, Y. Zheng, Rational design of small molecule inhibitors 
targeting RhoA subfamily Rho GTPases, Chem. Biol. 19 (2012) 699–710, https://doi.org/10.1016/j.chembiol.2012.05.009. 

[145] A.J. van Adrichem, A. Fagerholm, L. Turunen, A. Lehto, J. Saarela, A. Koskinen, G.A. Repasky, K. Wennerberg, Discovery of MINC1, a GTPase-activating 
protein small molecule inhibitor, targeting MgcRacGAP, Comb. Chem. High Throughput Screen. 18 (2015) 3–17, https://doi.org/10.2174/ 
1386207318666141205112730. 

[146] J.M. Ostrem, U. Peters, M.L. Sos, J.A. Wells, K.M. Shokat, K-Ras, G12C) inhibitors allosterically control GTP affinity and effector interactions, Nature 503 
(2013) 548–551, https://doi.org/10.1038/nature12796. 

[147] R.C. Hillig, B. Sautier, J. Schroeder, D. Moosmayer, A. Hilpmann, C.M. Stegmann, N.D. Werbeck, H. Briem, U. Boemer, J. Weiske, V. Badock, J. Mastouri, 
K. Petersen, G. Siemeister, J.D. Kahmann, D. Wegener, N. Bhnke, K. Eis, K. Graham, L. Wortmann, F. Von Nussbaum, B. Bader, Discovery of potent SOS1 
inhibitors that block RAS activation via disruption of the RAS–SOS1 interaction, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 2551–2560, https://doi.org/10.1073/ 
pnas.1812963116. 

[148] K. Kopra, E. Vuorinen, M. Abreu-Blanco, Q. Wang, V. Eskonen, W. Gillette, A.T. Pulliainen, M. Holderfield, H. Hrm, Homogeneous dual-parametric-coupled 
assay for simultaneous nucleotide exchange and KRAS/RAF-RBD interaction monitoring, Anal. Chem. 92 (2020) 4971–4979, https://doi.org/10.1021/acs. 
analchem.9b05126. 

[149] Q.C. Zhang, D. Petrey, L. Deng, L. Qiang, Y. Shi, C.A. Thu, B. Bisikirska, C. Lefebvre, D. Accili, T. Hunter, T. Maniatis, A. Califano, B. Honig, Structure-based 
prediction of protein–protein interactions on a genome-wide scale, Nature 490 (2012) 556–560, https://doi.org/10.1038/nature11503. 

[150] M. Vidal, M.E. Cusick, A.-L. Barabsi, Interactome networks and human disease, Cell 144 (2011) 986–998, https://doi.org/10.1016/j.cell.2011.02.016. 

V. Kumar et al.                                                                                                                                                                                                         

https://doi.org/10.3389/fphar.2017.00908
https://doi.org/10.1021/acs.jmedchem.5b01120
https://doi.org/10.3389/fmolb.2023.1119157
https://doi.org/10.1080/17460441.2018.1518975
https://doi.org/10.1021/cb5004042
https://doi.org/10.1021/cb5004042
https://doi.org/10.1111/bph.14953
https://doi.org/10.1038/nrm2299
https://doi.org/10.1038/nrm2299
https://doi.org/10.1126/science.280.5372.2112
https://doi.org/10.1126/science.280.5372.2109
https://doi.org/10.1124/mol.109.061234
https://doi.org/10.1038/348125a0
https://doi.org/10.1038/348125a0
https://doi.org/10.1006/jmbi.2001.5378
https://doi.org/10.1006/jmbi.2001.5378
https://doi.org/10.1126/science.1062023
https://doi.org/10.1126/science.1062023
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1126/science.2406906
https://doi.org/10.3389/fonc.2019.00965
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1016/j.cell.2017.06.009
https://doi.org/10.1016/j.cell.2017.06.009
https://doi.org/10.1177/1947601911411084
https://doi.org/10.1074/jbc.M112.435941
https://doi.org/10.1016/j.chembiol.2014.09.018
https://doi.org/10.1177/1087057108328761
https://doi.org/10.1093/biomethods/bpab024
https://doi.org/10.1073/pnas.1904529116
https://doi.org/10.1073/pnas.1904529116
https://doi.org/10.21769/BioProtoc.2795
https://doi.org/10.1073/pnas.0308579100
https://doi.org/10.1177/1087057111408420
https://doi.org/10.1073/pnas.1212324110
https://doi.org/10.1177/1087057115596326
https://doi.org/10.1073/pnas.1116510109
https://doi.org/10.1016/j.chembiol.2012.05.009
https://doi.org/10.2174/1386207318666141205112730
https://doi.org/10.2174/1386207318666141205112730
https://doi.org/10.1038/nature12796
https://doi.org/10.1073/pnas.1812963116
https://doi.org/10.1073/pnas.1812963116
https://doi.org/10.1021/acs.analchem.9b05126
https://doi.org/10.1021/acs.analchem.9b05126
https://doi.org/10.1038/nature11503
https://doi.org/10.1016/j.cell.2011.02.016


Heliyon 10 (2024) e23864

17

[151] T.L. Nero, C.J. Morton, J.K. Holien, J. Wielens, M.W. Parker, Oncogenic protein interfaces: small molecules, big challenges, Nat. Rev. Cancer 14 (2014) 
248–262, https://doi.org/10.1038/nrc3690. 

[152] H. Lu, Q. Zhou, J. He, Z. Jiang, C. Peng, R. Tong, J. Shi, Recent advances in the development of protein–protein interactions modulators: mechanisms and 
clinical trials, Signal Transduct. Targeted Ther. 5 (2020) 213, https://doi.org/10.1038/s41392-020-00315-3. 

[153] A.C. Conibear, Deciphering protein post-translational modifications using chemical biology tools, Nat. Rev. Chem 4 (2020) 674–695, https://doi.org/10.1038/ 
s41570-020-00223-8. 

[154] J.A. Ubersax, J.E. Ferrell Jr., Mechanisms of specificity in protein phosphorylation, Nat. Rev. Mol. Cell Biol. 8 (2007) 530–541, https://doi.org/10.1038/ 
nrm2203. 

[155] D.H. Mohammad, M.B. Yaffe, 14-3-3 proteins, FHA domains and BRCT domains in the DNA damage response, DNA Repair 8 (2009) 1009–1017, https://doi. 
org/10.1016/j.dnarep.2009.04.004. 

[156] N. Watanabe, H. Osada, Phosphorylation-dependent protein-protein interaction modules as potential molecular targets for cancer therapy, Curr. Drug Targets 
13 (2012) 1654–1658, https://doi.org/10.2174/138945012803530035. 

[157] X. Fu, W. Tan, Q. Song, H. Pei, J. Li, BRCA1 and breast cancer: molecular mechanisms and therapeutic strategies, Front. Cell Dev. Biol. 10 (2022), 813457, 
https://doi.org/10.3389/fcell.2022.813457. 

[158] J. Periasamy, V. Kurdekar, S. Jasti, M.B. Nijaguna, S. Boggaram, M.A. Hurakadli, D. Raina, L.M. Kurup, C. Chintha, K. Manjunath, A. Goyal, G. Sadasivam, 
K. Bharatham, M. Padigaru, V. Potluri, A.R. Venkitaraman, Targeting phosphopeptide recognition by the human BRCA1 tandem BRCT domain to interrupt 
BRCA1-dependent signaling, Cell Chem. Biol. 25 (2018) 677–690.e12, https://doi.org/10.1016/j.chembiol.2018.02.012. 

[159] V. Kurdekar, S. Giridharan, J. Subbarao, M.B. Nijaguna, J. Periasamy, S. Boggaram, A.V. Shivange, G. Sadasivam, M. Padigaru, V. Potluri, A.R. Venkitaraman, 
K. Bharatham, Structure-Guided synthesis and evaluation of small-molecule inhibitors targeting protein–protein interactions of BRCA1 tBRCT domain, 
ChemMedChem 14 (2019) 1620–1632, https://doi.org/10.1002/cmdc.201900300. 

[160] M.B. Yaffe, K. Rittinger, S. Volinia, P.R. Caron, A. Aitken, H. Leffers, S.J. Gamblin, S.J. Smerdon, L.C. Cantley, The structural basis for 14-3-3:phosphopeptide 
binding specificity, Cell 91 (1997) 961–971, https://doi.org/10.1016/S0092-8674(00)80487-0. 

[161] M. Rodriguez, X. Yu, J. Chen, Z. Songyang, Phosphopeptide binding specificities of BRCA1 COOH-terminal (BRCT) domains, J. Biol. Chem. 278 (2003) 
52914–52918, https://doi.org/10.1074/jbc.C300407200. 

[162] D. Durocher, I.A. Taylor, D. Sarbassova, L.F. Haire, S.L. Westcott, S.P. Jackson, S.J. Smerdon, M.B. Yaffe, The molecular basis of FHA domain:phosphopeptide 
binding specificity and implications for phospho-dependent signaling mechanisms, Mol. Cell 6 (2000) 1169–1182, https://doi.org/10.1016/S1097-2765(00) 
00114-3. 

[163] D. Inoyama, Y. Chen, X. Huang, L.J. Beamer, A.-N.T. Kong, L. Hu, Optimization of fluorescently labeled Nrf2 peptide probes and the development of a 
fluorescence polarization assay for the discovery of inhibitors of Keap1-Nrf2 interaction, J. Biomol. Screen 17 (2012) 435–447, https://doi.org/10.1177/ 
1087057111430124. 

[164] A. Emery, B.S. Hardwick, A.T. Crooks, N. Milech, P.M. Watt, C. Mithra, V. Kumar, S. Giridharan, G. Sadasivam, S. Mathivanan, S. Sudhakar, S. Bairy, 
K. Bharatham, M.A. Hurakadli, T.K. Prasad, N. Kamariah, M. Muellner, M. Coelho, C.J. Torrance, G.J. McKenzie, A.R. Venkitaraman, Target identification for 
small-molecule discovery in the FOXO3a tumor-suppressor pathway using a biodiverse peptide library, Cell Chem. Biol. 28 (2021) 1602–1615.e9, https://doi. 
org/10.1016/j.chembiol.2021.05.009. 

[165] S. Mathivanan, P.K. Chunchagatta Lakshman, M. Singh, S. Giridharan, K. Sathish, M.A. Hurakadli, K. Bharatham, N. Kamariah, Structure of a 14-3-3ε:FOXO3a 
pS253 phosphopeptide complex reveals 14-3-3 isoform-specific binding of forkhead box class O transcription factor (FOXO) phosphoproteins, ACS Omega 7 
(2022) 24344–24352, https://doi.org/10.1021/acsomega.2c01700. 

[166] M. Bakail, F. Ochsenbein, Targeting protein–protein interactions, a wide open field for drug design, Compt. Rendus Chem. 19 (2016) 19–27, https://doi.org/ 
10.1016/j.crci.2015.12.004. 

[167] J. Zhao, C.L. Meyerkord, Y. Du, F.R. Khuri, H. Fu, 14-3-3 proteins as potential therapeutic targets, Semin. Cell Dev. Biol. 22 (2011) 705–712, https://doi.org/ 
10.1016/j.semcdb.2011.09.012. 

[168] A. Berg, M. Grber, S. Schmutzler, R. Hoffmann, T. Berg, A high-throughput fluorescence polarization-based assay for the SH2 domain of STAT4, Methods 
Protoc. 5 (2022) 93, https://doi.org/10.3390/mps5060093. 

[169] A.A. Ivanov, F.R. Khuri, H. Fu, Targeting protein–protein interactions as an anticancer strategy, Trends Pharmacol. Sci. 34 (2013) 393–400, https://doi.org/ 
10.1016/j.tips.2013.04.007. 

[170] A.R. Conery, J.L. Rocnik, P. Trojer, Small molecule targeting of chromatin writers in cancer, Nat. Chem. Biol. 18 (2022) 124–133, https://doi.org/10.1038/ 
s41589-021-00920-5. 

[171] R. Marmorstein, M.-M. Zhou, Writers and readers of histone acetylation: structure, mechanism, and inhibition, Cold Spring Harbor Perspect. Biol. 6 (2014), 
https://doi.org/10.1101/cshperspect.a018762 a018762–a018762. 

[172] D. Wu, Y. Qiu, Y. Jiao, Z. Qiu, D. Liu, Small molecules targeting HATs, HDACs, and BRDs in cancer therapy, Front. Oncol. 10 (2020), 560487, https://doi.org/ 
10.3389/fonc.2020.560487. 

[173] V. Di Cerbo, R. Schneider, Cancers with wrong HATs: the impact of acetylation, Briefings Funct. Genom. 12 (2013) 231–243, https://doi.org/10.1093/bfgp/ 
els065. 

[174] S. Gadhia, J.H. Shrimp, J.L. Meier, J.E. McGee, J.L. Dahlin, Histone acetyltransferase assays in drug and chemical probe discovery, in: S. Markossian, 
A. Grossman, K. Brimacombe, M. Arkin, D. Auld, C. Austin, J. Baell, T.D.Y. Chung, N.P. Coussens, J.L. Dahlin, V. Devanarayan, T.L. Foley, M. Glicksman, 
K. Gorshkov, J.V. Haas, M.D. Hall, S. Hoare, J. Inglese, P.W. Iversen, S.C. Kales, M. Lal-Nag, Z. Li, J. McGee, O. McManus, T. Riss, P. Saradjian, G. 
S. Sittampalam, M. Tarselli, O.J. Trask, Y. Wang, J.R. Weidner, M.J. Wildey, K. Wilson, M. Xia, X. Xu (Eds.), Assay Guidance Manual, Eli Lilly & Company and 
the National Center for Advancing Translational Sciences, Bethesda (MD), 2004. http://www.ncbi.nlm.nih.gov/books/NBK442298/. (Accessed 27 April 
2023). 

[175] R.C. Trievel, F.-Y. Li, R. Marmorstein, Application of a fluorescent histone acetyltransferase assay to probe the substrate specificity of the human p300/CBP- 
associated factor, Anal. Biochem. 287 (2000) 319–328, https://doi.org/10.1006/abio.2000.4855. 

[176] T. Gao, C. Yang, Y.G. Zheng, Comparative studies of thiol-sensitive fluorogenic probes for HAT assays, Anal. Bioanal. Chem. 405 (2013) 1361–1371, https:// 
doi.org/10.1007/s00216-012-6522-5. 

[177] L.M. Lasko, C.G. Jakob, R.P. Edalji, W. Qiu, D. Montgomery, E.L. Digiammarino, T.M. Hansen, R.M. Risi, R. Frey, V. Manaves, B. Shaw, M. Algire, P. Hessler, L. 
T. Lam, T. Uziel, E. Faivre, D. Ferguson, F.G. Buchanan, R.L. Martin, M. Torrent, G.G. Chiang, K. Karukurichi, J.W. Langston, B.T. Weinert, C. Choudhary, P. De 
Vries, A.F. Kluge, M.A. Patane, J.H. Van Drie, C. Wang, D. McElligott, E. Kesicki, R. Marmorstein, C. Sun, P.A. Cole, S.H. Rosenberg, M.R. Michaelides, A. Lai, 
K.D. Bromberg, Discovery of a selective catalytic p300/CBP inhibitor that targets lineage-specific tumours, Nature 550 (2017) 128–132, https://doi.org/ 
10.1038/nature24028. 

[178] P. Bamborough, C.-W. Chung, E.H. Demont, A.M. Bridges, P.D. Craggs, D.P. Dixon, P. Francis, R.C. Furze, P. Grandi, E.J. Jones, B. Karamshi, K. Locke, S.C. 
C. Lucas, A.-M. Michon, D.J. Mitchell, P. Pogny, R.K. Prinjha, C. Rau, A.M. Roa, A.D. Roberts, R.J. Sheppard, R.J. Watson, A qualified success: discovery of a 
new series of ATAD2 bromodomain inhibitors with a novel binding mode using high-throughput screening and hit qualification, J. Med. Chem. 62 (2019) 
7506–7525, https://doi.org/10.1021/acs.jmedchem.9b00673. 

[179] H.-J. Zhong, L. Lu, K.-H. Leung, C.C.L. Wong, C. Peng, S.-C. Yan, D.-L. Ma, Z. Cai, H.-M. David Wang, C.-H. Leung, An Iridium(iii)-based irreversible 
protein–protein interaction inhibitor of BRD4 as a potent anticancer agent, Chem. Sci. 6 (2015) 5400–5408, https://doi.org/10.1039/C5SC02321A. 

[180] L. Bouch, C.D. Christ, S. Siegel, A.E. Fernndez-Montalvn, S.J. Holton, O. Fedorov, A. Ter Laak, T. Sugawara, D. Stckigt, C. Tallant, J. Bennett, O. Monteiro, 
L. Daz-Sez, P. Siejka, J. Meier, V. Ptter, J. Weiske, S. Mller, K.V.M. Huber, I.V. Hartung, B. Haendler, Benzoisoquinolinediones as potent and selective inhibitors 
of BRPF2 and TAF1/taf1l bromodomains, J. Med. Chem. 60 (2017) 4002–4022, https://doi.org/10.1021/acs.jmedchem.7b00306. 

[181] S. Knight, D. Gianni, A. Hendricks, Fragment-based screening: a new paradigm for ligand and target discovery, SLAS Discov. 27 (2022) 3–7, https://doi.org/ 
10.1016/j.slasd.2021.10.011. 

V. Kumar et al.                                                                                                                                                                                                         

https://doi.org/10.1038/nrc3690
https://doi.org/10.1038/s41392-020-00315-3
https://doi.org/10.1038/s41570-020-00223-8
https://doi.org/10.1038/s41570-020-00223-8
https://doi.org/10.1038/nrm2203
https://doi.org/10.1038/nrm2203
https://doi.org/10.1016/j.dnarep.2009.04.004
https://doi.org/10.1016/j.dnarep.2009.04.004
https://doi.org/10.2174/138945012803530035
https://doi.org/10.3389/fcell.2022.813457
https://doi.org/10.1016/j.chembiol.2018.02.012
https://doi.org/10.1002/cmdc.201900300
https://doi.org/10.1016/S0092-8674(00)80487-0
https://doi.org/10.1074/jbc.C300407200
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1177/1087057111430124
https://doi.org/10.1177/1087057111430124
https://doi.org/10.1016/j.chembiol.2021.05.009
https://doi.org/10.1016/j.chembiol.2021.05.009
https://doi.org/10.1021/acsomega.2c01700
https://doi.org/10.1016/j.crci.2015.12.004
https://doi.org/10.1016/j.crci.2015.12.004
https://doi.org/10.1016/j.semcdb.2011.09.012
https://doi.org/10.1016/j.semcdb.2011.09.012
https://doi.org/10.3390/mps5060093
https://doi.org/10.1016/j.tips.2013.04.007
https://doi.org/10.1016/j.tips.2013.04.007
https://doi.org/10.1038/s41589-021-00920-5
https://doi.org/10.1038/s41589-021-00920-5
https://doi.org/10.1101/cshperspect.a018762
https://doi.org/10.3389/fonc.2020.560487
https://doi.org/10.3389/fonc.2020.560487
https://doi.org/10.1093/bfgp/els065
https://doi.org/10.1093/bfgp/els065
http://www.ncbi.nlm.nih.gov/books/NBK442298/
https://doi.org/10.1006/abio.2000.4855
https://doi.org/10.1007/s00216-012-6522-5
https://doi.org/10.1007/s00216-012-6522-5
https://doi.org/10.1038/nature24028
https://doi.org/10.1038/nature24028
https://doi.org/10.1021/acs.jmedchem.9b00673
https://doi.org/10.1039/C5SC02321A
https://doi.org/10.1021/acs.jmedchem.7b00306
https://doi.org/10.1016/j.slasd.2021.10.011
https://doi.org/10.1016/j.slasd.2021.10.011


Heliyon 10 (2024) e23864

18

[182] J. Coyle, R. Walser, Applied biophysical methods in fragment-based drug discovery, SLAS Discov. 25 (2020) 471–490, https://doi.org/10.1177/ 
2472555220916168. 

[183] Q. Li, Application of fragment-based drug discovery to versatile targets, Front. Mol. Biosci. 7 (2020) 180, https://doi.org/10.3389/fmolb.2020.00180. 
[184] L.J. Martin, M. Koegl, G. Bader, X.-L. Cockcroft, O. Fedorov, D. Fiegen, T. Gerstberger, M.H. Hofmann, A.F. Hohmann, D. Kessler, S. Knapp, P. Knesl, 

S. Kornigg, S. Mller, H. Nar, C. Rogers, K. Rumpel, O. Schaaf, S. Steurer, C. Tallant, C.R. Vakoc, M. Zeeb, A. Zoephel, M. Pearson, G. Boehmelt, D. McConnell, 
Structure-based design of an in vivo active selective BRD9 inhibitor, J. Med. Chem. 59 (2016) 4462–4475, https://doi.org/10.1021/acs.jmedchem.5b01865. 

[185] A.M. Taylor, A. Ct, M.C. Hewitt, R. Pastor, Y. Leblanc, C.G. Nasveschuk, F.A. Romero, T.D. Crawford, N. Cantone, H. Jayaram, J. Setser, J. Murray, M. 
H. Beresini, G. De Leon Boenig, Z. Chen, A.R. Conery, R.T. Cummings, L.A. Dakin, E.M. Flynn, O.W. Huang, S. Kaufman, P.J. Keller, J.R. Kiefer, T. Lai, Y. Li, 
J. Liao, W. Liu, H. Lu, E. Pardo, V. Tsui, J. Wang, Y. Wang, Z. Xu, F. Yan, D. Yu, L. Zawadzke, X. Zhu, X. Zhu, R.J. Sims, A.G. Cochran, S. Bellon, J.E. Audia, 
S. Magnuson, B.K. Albrecht, Fragment-based discovery of a selective and cell-active benzodiazepinone CBP/EP300 bromodomain inhibitor (CPI-637), ACS 
Med. Chem. Lett. 7 (2016) 531–536, https://doi.org/10.1021/acsmedchemlett.6b00075. 

[186] B.S. Gerstenberger, J.D. Trzupek, C. Tallant, O. Fedorov, P. Filippakopoulos, P.E. Brennan, V. Fedele, S. Martin, S. Picaud, C. Rogers, M. Parikh, A. Taylor, 
B. Samas, A. O’Mahony, E. Berg, G. Pallares, A.D. Torrey, D.K. Treiber, I.J. Samardjiev, B.T. Nasipak, T. Padilla-Benavides, Q. Wu, A.N. Imbalzano, J. 
A. Nickerson, M.E. Bunnage, S. Mller, S. Knapp, D.R. Owen, Identification of a chemical probe for family VIII bromodomains through optimization of a 
fragment hit, J. Med. Chem. 59 (2016) 4800–4811, https://doi.org/10.1021/acs.jmedchem.6b00012. 

[187] Z. Li, S. Xiao, Y. Yang, C. Chen, T. Lu, Z. Chen, H. Jiang, S. Chen, C. Luo, B. Zhou, Discovery of 8-methyl-pyrrolo[1,2- a ]pyrazin-1(2 H)-one derivatives as 
highly potent and selective bromodomain and extra-terminal (BET) bromodomain inhibitors, J. Med. Chem. 63 (2020) 3956–3975, https://doi.org/10.1021/ 
acs.jmedchem.9b01784. 

[188] A. Chaikuad, S. Lang, P.E. Brennan, C. Temperini, O. Fedorov, J. Hollander, R. Nachane, C. Abell, S. Mller, G. Siegal, S. Knapp, Structure-based identification of 
inhibitory fragments targeting the p300/CBP-associated factor bromodomain, J. Med. Chem. 59 (2016) 1648–1653, https://doi.org/10.1021/acs. 
jmedchem.5b01719. 

[189] M. Xu, A. Unzue, J. Dong, D. Spiliotopoulos, C. Nevado, A. Caflisch, Discovery of CREBBP bromodomain inhibitors by high-throughput docking and hit 
optimization guided by molecular dynamics, J. Med. Chem. 59 (2016) 1340–1349, https://doi.org/10.1021/acs.jmedchem.5b00171. 

[190] A. Unzue, M. Xu, J. Dong, L. Wiedmer, D. Spiliotopoulos, A. Caflisch, C. Nevado, Fragment-based design of selective nanomolar ligands of the CREBBP 
bromodomain, J. Med. Chem. 59 (2016) 1350–1356, https://doi.org/10.1021/acs.jmedchem.5b00172. 

[191] H. Zhao, L. Gartenmann, J. Dong, D. Spiliotopoulos, A. Caflisch, Discovery of BRD4 bromodomain inhibitors by fragment-based high-throughput docking, 
Bioorg. Med. Chem. Lett 24 (2014) 2493–2496, https://doi.org/10.1016/j.bmcl.2014.04.017. 

[192] P. Bamborough, H. Diallo, J.D. Goodacre, L. Gordon, A. Lewis, J.T. Seal, D.M. Wilson, M.D. Woodrow, C. Chung, Fragment-based discovery of bromodomain 
inhibitors Part 2: optimization of phenylisoxazole sulfonamides, J. Med. Chem. 55 (2012) 587–596, https://doi.org/10.1021/jm201283q. 

[193] J. Bttcher, D. Dilworth, U. Reiser, R.A. Neumller, M. Schleicher, M. Petronczki, M. Zeeb, N. Mischerikow, A. Allali-Hassani, M.M. Szewczyk, F. Li, S. Kennedy, 
M. Vedadi, D. Barsyte-Lovejoy, P.J. Brown, K.V.M. Huber, C.M. Rogers, C.I. Wells, O. Fedorov, K. Rumpel, A. Zoephel, M. Mayer, T. Wunberg, D. Bse, S. Zahn, 
H. Arnhof, H. Berger, C. Reiser, A. Hrmann, T. Krammer, M. Corcokovic, B. Sharps, S. Winkler, D. Hring, X.-L. Cockcroft, J.E. Fuchs, B. Mllauer, A. Weiss- 
Puxbaum, T. Gerstberger, G. Boehmelt, C.R. Vakoc, C.H. Arrowsmith, M. Pearson, D.B. McConnell, Fragment-based discovery of a chemical probe for the 
PWWP1 domain of NSD3, Nat. Chem. Biol. 15 (2019) 822–829, https://doi.org/10.1038/s41589-019-0310-x. 

[194] A.K. Hatstat, B. Quan, M.A. Bailey, M.C. Fitzgerald, M.C. Reinhart, D.G. McCafferty, Chemoproteomic-enabled characterization of small GTPase Rab1a as a 
target of an N -arylbenzimidazole ligand’s rescue of Parkinson’s-associated cell toxicity, RSC Chem. Biol. 3 (2022) 96–111, https://doi.org/10.1039/ 
D1CB00103E. 
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