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Abstract 

Measuring and quantifying the binding of a drug to a protein 

target inside living cells and thereby correlating 

biochemical or biophysical activity with target engagement 

in cells or tissue represents a key step in target validation 

and drug development. A prototypic target engagement 

assay should allow for unbiased determination of small 

molecule-protein interactions in order to confirm cellular 

mechanism-of-action (MoA) whilst avoiding major 

artificial perturbations of cellular homeostasis and integrity. 

Recently, several new additions to the chemical biology 

toolbox have expanded our ability to study drug action in 

intact cells and enabled surveying of intracellular residence 

time and binding kinetics, which are particularly important 

for potent receptor ligands and therapeutic moieties with 

limited therapeutic index. 

Introduction 

In 1937, Alfred Joseph Clark noted the following in his 

seminal textbook General Pharmacology: “It is important 

in the first place to remember that our direct knowledge is 

limited to the fact that when tissues are exposed to these 

drugs certain responses are produced. We have no direct 

knowledge as to the manner in which the drugs act on the 

cells.” Fast forward more than 80 years from the time of the 

publishing of the book, this observation is still true for many 

approved drugs and uncovering the many ways by which 

small molecules perturb cellular systems represents a 

formidable challenge for chemical biology and drug 

discovery. However, recent advances in genomic and 

proteomic approaches have greatly broadened our ability to 

survey the complex actions of small molecules and drugs in 

living systems.  

Cellular target engagement in drug discovery 

Drugs achieve their effects through interaction with specific 

proteins in accordance with physicochemical laws (in 

agreement with the receptor theory which nota bene Clark 

was instrumental in formulating). The demonstration of, in 

Clark’s words, “certain responses” in cells upon exposure 

to a drug is insufficient without clear mechanistic evidence 

of drug target engagement. The immediate relevance of 

such studies is highlighted by case studies such as the bona 

fide PARP inhibitor iniparib; structurally unrelated to other 

established PARP-targeting small molecules, iniparib 

exhibited cytotoxic effects towards a number of breast 

cancer cell lines in pre-clinical studies. This prompted the 

progression of the compound into clinical trials that 

revealed an unexpected lack of efficacy. Following 

termination of the programme, several studies confirmed 

that iniparib does in fact not engage PARP1 in cells and 

instead generates reactive oxygen species likely 

contributing to the initial antiproliferative effects observed 

with the compound1. Failure of a compound to reach its 

designated target, i.e. inadequate exposure, can therefore 

result in a perceived lack of efficacy even for established 

targets. 

Likewise, off-target activity can lead to similar or even far 

more reaching consequences. A clinical trial investigating 

the fatty acid amide hydrolase (FAAH) inhibitor BIA 10-

2474 was abruptly halted in January 2016 when six 

individuals developed serious neurological lesions that led 

to one patient fatality. A subsequent comprehensive 

proteomic and lipidomic analysis of the compound by the 

Cravatt group revealed that the compound indeed binds 

FAAH within cells but also a whole host of other enzymes, 

resulting in a heavy disruption of lipid metabolism, 

potentially contributing to the clinical outcomes2.  

These examples highlight the fact that demonstration of 

compound binding to a given target in a biophysical or 

biochemical assay using recombinantly expressed protein 

(or domain thereof) is in no way a guarantee of the same 

outcome being achieved when the drug is administered to a 

cell, much less a patient. Biological systems, and tumour 

cells in particular, have evolved a myriad of ways to 

regulate the trafficking of xenobiotics, amongst them being 

modulation of membrane permeability, compound 

sequestration, export or protein compartmentalization3, thus 

necessitating target engagement assays in a cellular- or 

tissue-relevant context. Retrospective analyses conducted 

by pharma companies such as Pfizer and AstraZeneca 

uncovered that close to a fifth of phase II failures due to 

efficacy lacked conclusive  demonstration of adequate 

target exposure4,5.  

Methods to study drug-target engagement 

The physical phenomenon of bioluminescence resonance 

energy transfer, or BRET, whereby a bioluminescent donor 

can transfer energy to a proximal fluorophore, can be 

exploited to study cellular target engagement. By using a 

fluorescently-tagged protein (acceptor) or small molecule 

(often referred to as a tracer or energy transfer probe) and 

transfecting cells with the target fused with a luciferase, 

BRET can be achieved in living cells. Disruption of this 

interaction by e.g. outcompeting the tracer with increasing 

doses of a putative inhibitor of the target enables 

quantitative monitoring of drug-protein interactions, 

including kinetic studies (Fig. 1). The assay can be adapted 

to a microplate format6 and recent studies have successfully 



harnessed CRISPR/Cas9 to tag endogenous proteins, 

thereby circumventing the need for transfection with an 

exogenous copy of the gene7. 

Another biophysical technique to examine cellular target 

engagement relies on fluorescence anisotropy, which occurs 

when a fluorescently-tagged molecule engages a protein 

and thus, following excitation, begins to emit light in a 

directional fashion, compared to free-flowing fluorophores. 

In a typical experiment, cells are dosed with the compound 

and after incubation, alterations in the isotropy of emission 

are measured by fluorescence polarization. The advantage 

of this technique is that it can be used to study target 

engagement in biopsies taken from live organisms8 or, when 

using window chambers, even directly in live animals9. 

Protein mass spectrometry (MS)-based approaches offer a 

potential route to both investigating target engagement as 

well as selectivity profiling on a global level. Classic 

methods involve affinity chromatography, where cellular 

lysates are treated with resins functionalised with 

immobilized compounds and, following affinity capture and 

digestion, the bound proteins are analysed by MS. Activity-

based protein profiling (ABPP) and photoaffinity labelling 

(PAL) rely on the synthesis of functionalised compounds 

bearing a reactive capturing group, as well as an affinity tag 

for subsequent enrichment10. Whilst the principle is 

identical to classical drug affinity chromatography, ABPP 

and PAL allow for the use of live cells instead of cell 

lysates, and the use of covalent warheads increases 

retention. The separation of true hits from false positives, 

which can occur through proteins binding non-specifically 

to the scaffold or the resin, can be achieved by repeating the 

experiment with an analogue of the drug that has been 

inactivated by minimal modification (oftentimes in the case 

of chiral compounds, the distomer can elegantly fulfil this 

role).  

In recent years, the cellular thermal shift assay (CETSA) has 

emerged as versatile target engagement and identification 

assay. CETSA is based on the principle of protein 

denaturation upon a heat pulse and alterations in protein 

thermal stability upon ligand binding. This often leads to an 

increase of the temperature needed for unfolding, thus 

causing the observed “thermal shift”. CETSA can be 

performed with intact cells, where, following the heat pulse 

and subsequent lysis, the aggregated and denatured proteins 

are removed by centrifugation and target engagement is 

confirmed by the presence of an increased amount of 

protein for the compound-treated sample. The coupling of 

the technique to quantitative proteomics enables the 

profiling of thousands of proteins for their capacity to 

engage various types of small molecules11–13. A key 

advantage is that CETSA does not require chemical 

modification of the compound of interest. It is readily 

adaptable to a microplate screening format for high-

throughput target engagement studies, either through fusion 

to a reporter including enzyme complementation 

strategies14, the use of AlphaLISA double antibody 

proximity assays15,16 or an imaging readout17. Alternatively, 

the denaturing thermal heat pulse may be replaced by a 

chaotrope followed by pulse proteolysis as exemplified by 

the DARTS method (drug affinity responsive target 

stability)18. Notably, a recent study took advantage of the 

emerging field of targeted protein degradation to 

demonstrate a tool compound could bind its target by 

designing a bifunctional proteolysis-targeting chimera 

(PROTAC) which induced degradation of the putative 

target19. 

Conclusion 

The development of novel methods to quantify drug-target 

engagement in living systems in recent years has helped to 

close in on the gap between in vitro assay results and in vivo 

observations. The complementarity of these approaches to 

classical screening campaigns using purified proteins lies in 

the ability to study natural full-length proteins with 

posttranslational modifications in presence of endogenous 

competitors and co-factors. Target engagement assays are 

becoming more miniaturized and adaptable to screening 

formats, allowing them to augment or even replace 

conventional high-throughput screening campaigns and 

MS-based techniques can provide a proteome-wide view on 

drug action in cells and tissue samples. Current and future 

challenges include improving our ability to interrogate 

membrane proteins, which comprise many important drug 

targets such as transporters, ion channels, GPCRs, and 

finally yet importantly compounds that do not act via direct 

interactions with proteins. Within the pages of Applied 

Pharmacology, Clark writes: “The great complexity of 

living cells is one of the chief difficulties in the analysis of 

the action of drugs” and while we may not be at the stage of 

being able to completely elucidate the MoA of every drug 

from chemotype to phenotype, we are closer than ever 

before. 
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