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The right tools for the job: the central role for
next generation chemical probes and chemistry-
based target deconvolution methods in
phenotypic drug discovery

Manuela Jörg *ab and Katrina S. Madden *ab

The reconnection of the scientific community with phenotypic drug discovery has created exciting new

possibilities to develop therapies for diseases with highly complex biology. It promises to revolutionise

fields such as neurodegenerative disease and regenerative medicine, where the development of new drugs

has consistently proved elusive. Arguably, the greatest challenge in readopting the phenotypic drug

discovery approach exists in establishing a crucial chain of translatability between phenotype and benefit to

patients in the clinic. This remains a key stumbling block for the field which needs to be overcome in order

to fully realise the potential of phenotypic drug discovery. Excellent quality chemical probes and

chemistry-based target deconvolution techniques will be a crucial part of this process. In this review, we

discuss the current capabilities of chemical probes and chemistry-based target deconvolution methods

and evaluate the next advances necessary in order to fully support phenotypic screening approaches in

drug discovery.

Introduction

Traditionally in drug discovery, compounds were evaluated
empirically using in vitro and/or in vivo models that imitate a
specific disease or a process linked to a disease, known as
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phenotypic drug discovery (PDD).1–6 Although this approach
was never fully abandoned, progress in gene sequencing and
molecular biology led to a shift in industry and academia
towards target-based drug discovery (TBDD) efforts. Target-
based approaches have some noteworthy benefits as they
allow the efficient evaluation of many compounds via high-
throughput screening (HTS). Furthermore, structure–activity
relationship (SAR) studies are often well defined and, due to
recent advances in structural biology, may be complemented
with X-ray crystallography and cryo-EM data. This has led to
the discovery of numerous life-saving therapies, particularly
in the cancer field where specific molecular hallmarks have
been targeted to provide better outcomes for these
heterogeneous diseases.2,5,7–9 However, the overall success
rate of TBDD programs in clinical trials has remained
unsatisfactory for diseases with highly complex biology
effected by multiple genetic and environmental factors e.g.
autoimmune diseases, asthma and central nervous system
(CNS) disorders. As a result, the scientific community is
currently evaluating the gaps that need to be filled,4,10–26

leading to reinvigorated interest in PDD.3,6,10,11,19,27–32 This is
partially attributed to the fact that the investigation of an
isolated drug target is very distant from the complex
biological mechanisms underlying human physiology,
including disease although this is still a subject of some
debate within the scientific community.19,33 Screening
approaches in PDD investigate changes in biological systems
more holistically, looking at entire biological pathways rather
than isolated proteins, thereby generally providing superior
correlation between model systems and disease states when
assay cascades are constructed appropriately.34 Compounds
are optimised based on their ability to cause the desired
phenotype in cell-based assays naïve of the molecular target.4

The added complexity and increased technical requirements
of primary PDD assays generally lead to reduced screening
capacity of compounds and thus a slower, potentially more
costly process. There is some dispute as to whether these
costs outweigh those involved with testing multiple
hypotheses early on in target-based approaches, and about
the relative excellence of TBDD vs. PDD.4,10,19,30,32,33 The
different strengths of PDD and TBDD are summarised in
Table 1. It seems naïve to assert that one approach is ‘the

correct approach’, and indeed the ability to tackle a specific
challenge in drug discovery from either perspective, or a
hybrid approach, will provide the most chance of success.

The resurgence of PDD signals an exciting new chapter in
medicine development, and one that arguably has the
potential to impact patients' lives as much as the molecular
biology and TBDD revolution.35 In order to realise this, we
need to apply the considerable technological and theoretical
advances made in the last few decades to elevate PDD to the
level of sophistication required to tackle current unmet
clinical needs. This review explores the central role that
chemistry has to play in this process, particularly focussing
on the next advances needed in chemical probe development
to streamline the interrogation of complex biological
phenomena. Herein, we provide an overview of the state-of-
the-art methods used for phenotypic screening and
chemistry-based target deconvolution. By highlighting the
strengths and limitations of available approaches, we discuss
new avenues for the design of chemical probes and
chemistry-based target deconvolution methods that have the
potential to improve PDD campaigns in the future.

Contemporary phenotypic screening

Historically drug discovery was based on the observation of
phenotypic changes in specific test systems, e.g. the change
of physiological, morphological and electrophysiological
properties in animals, organ explants, tissue extracts as well
as cells and bacteria in culture.5 Although advances in
genomics and molecular biology have led to a shift towards
TBDD, generally most programs have elements of both
approaches, combining target-based research methods with
functional output from in vitro and/or in vivo assays.19,33 To
increase the translation of hits from phenotypic screening
campaigns into meaningful outcomes for patients (often
referred to as ‘the chain of translatability’), Moffat et al.
recommend to use screening systems that have strong
correlation with biology pathways in diseases.36 Commonly
used model organisms in phenotypic screening include
bacteria, fungi, worms, fish and rodents; generally higher
organisms are more suitable to study complex biological
systems but they are also more expensive. Ideally the systems
have genetic similarity to humans and are relevant to the
mechanism of action of a drug type. Vincent et al. has
defined the “rule of three” emphasizing the key feature for a
successful phenotypic screening campaign being a disease
relevant model system, stimuli and endpoint.37 For instance,
inhibition of bacterial growth has prevailed as a reliable
indicator in the development of antibiotics due to its low cost
and accessibility, and more importantly its predictive
correlation between pharmacodynamic and therapeutic
effects in animal models and humans.27,36

Phenotypic screening often suffers from reduced
throughput of samples when compared to TBDD, but
progress in molecular and cellular biology are providing new
opportunities to close the gap. Selection of the most

Table 1 The relative strengths of PDD and TBDD

Phenotypic drug discovery

+ Better correlation between phenotype and disease state
+ Potential for discovering new biology & first-in-class drugs
+ Potential to develop drugs for diseases with complex biology and
pharmacology

Target-based drug discovery

+ Simplicity of methods and data analysis
+ Feasibility of high-throughput screening
+ Defined structure–activity relationship
+ Complementary use of structural biology methods, e.g. X-ray and
cryo-EM
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appropriate cell system to perform screens in PDD is
generally a balance between logistical considerations and
disease relevance. The simplified, easy to culture and seed in
multi-well plates, cellular model systems that have commonly
been favoured in phenotypic screening are often not
reflective of the complex human biology.38 Indeed, many cell
types lose key characteristics ex vivo. For instance, cancer is
made up of numerous molecularly and phenotypically
distinct diseases. As a result, finding a disease-relevant model
for phenotypic screening in a given application has been
extremely challenging, and greater success has been shown
with target-based approaches where patients can be selected
by predictive genetic biomarkers.19 However, as cellular
models become more precise in replicating cancer and the
tumour environment (for example, through using co-culture
experiments in which different cell types are present),
phenotypic screening will likely be used more broadly in
target and drug discovery for cancer.39,40 Microglia are
another good example – these innate immune cells in the
brain respond to signals in the local environment produced
by other brain cells e.g. neurons, astrocytes and other stimuli
such as pathogens or protein aggregates.41 Culturing them
outside of this environment causes them to diverge from the
phenotypes they might display in vivo. This can be in part
mitigated through co-culturing different cell types, however,
this still does not fully model the complexity of an organism
and adds considerable extra challenges to the development
and analysis of a phenotypic assay.42 Whilst such systems
may be suitable for use in drug discovery with the
understanding of the associated caveats and appropriate
secondary assays, it is important to continually search for
more phenotypically relevant model systems.43

There are a number of cell options available for in vitro
phenotypic screening, with a general inverse correlation
between disease relevance and throughput/ease of use, as

illustrated in Fig. 1. Immortalised cell lines are cells which
have either been deliberately altered e.g. by transformation
using a viral gene such as the simian virus 40 (SV40) T
antigen44 or have spontaneously transformed e.g. cancer cells
that have overcome usual cell cycle processes to proliferate
indefinitely.41 Examples include the Jurkat, BV-2 and SHY-5Y
cell lines. These lines have the main advantage of being
amenable to growing in large numbers, requiring minimal
maintenance and being suitable for freezing and storing for
long periods of time. As a result, these lines have become a
key part of biomedical and drug discovery research, providing
a cost-effective and scalable way to study disease, and are
often the method of choice for high-throughput phenotypic
screening. However, these cells come with a range of caveats
that limit their effectiveness as disease models. In addition
to the above mentioned limitations associated with being
removed from their microenvironment, cells which have been
deliberately transformed possess characteristics different to
those they were derived from and even cancer cell lines,
which have spontaneously developed show clear differences
to in vivo tumours.19 It has also been shown that over-
passaging of cell lines can cause spontaneous changes
creating variation and potentially even more deviation from
disease-relevance.45 There is also a considerable problem
with cross contamination of cell lines, or a lack of
verification data supporting cells donated between
researchers.46 These changes do not necessarily prevent the
cell line from being a suitable model, as demonstrated by
their widespread usage, but care should be taken to consider
whether they will provide an appropriate surrogate for the
phenotype being targeted. Primary cells have been isolated
directly from the species of study, including from human
patients, and therefore better recapitulate the scenario
in vivo.47 They can be obtained from patients suffering from
the disease of interest, making them an invaluable tool for

Fig. 1 Illustration of different in vitro models available in phenotypic screening, (from left to right) in order of increasing adaptability to high-
throughput screening, but decreased disease relevance.
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assessing drug candidates in a more disease-relevant setting.
Primary cells cannot be expanded and passaged many times,
unlike immortalised cell lines, meaning that obtaining large
enough cell populations for screening is a huge barrier to
their employment in PDD. They are subject to considerable
variability (no two organisms are the same), making it harder
for them to deliver on the metrics needed for a robust
assay.48,49 They also are affected by being removed from their
natural environment, as with all ex vivo models. Additionally,
ensuring regular access to relevant patient-derived tissue
samples is extremely challenging, and often a ‘no-go’ factor
in their use for large screening efforts.

More recently, the progress in the area of stem cell
research, specifically the development of human induced
pluripotent cells (hiPSCs), has provided the ability study the
unique genetic make-up of patients and their disorders.
These cells are self-renewable and can be differentiated into
numerous cell types, thereby generating relatively large
quantities of cells (e.g. cardiomyocytes and neuronal cells)
that are challenging to access otherwise. Such cells can then
be used for the screening of compound libraries.50 Banks of
hiPSCs are available to the scientific community, generated
by international initiatives to collect and preserve as many
different types as possible, making them much easier to
access than primary patient-derived cells.51,52 By using
genome editing technologies such as CRIPSR/Cas9 together
in combination with human induced pluripotent cells has
enabled researchers to gain insights into neurological
disorders on a molecular level, by differentiating changes to
the phenotype in the same cell type that is affected in
patients.53 This method is particularly powerful for
neurological disorders lacking disease-relevant in vivo models
that accurately represent the human disease. The
combination of patient-relevance and self-renewal is
extremely exciting, having the potential not only to advance
PDD, but also to enable personalised medicine. Excellent
progress has been made in the development of protocols for
culture and differentiation of hiPSC-derived cells, with some
studies successfully employing them in screening efforts.54–57

Culture, maintenance and testing of hiPSC-derived cells,
however, is both time-consuming and technically very
challenging, making these systems largely inaccessible to
those without highly specialised training.

The ability to grow 3D clusters of cells into organoids has
represented a significant advance in available in vitro disease
models.58 These systems can be grown either from iPSC-
derived cells or from adult stem cells (AdSCs) and possess
many of the same strengths and limitations as their 2D
cultured counterparts.59,60 hiPSC-derived organoids can be
established from patients, with the ability to create multiple
tissue types from one hiPSC line. However, they require
lengthy and complex protocols for reprogramming and
differentiating the cells.59 AdSC-derived organoids are less
challenging to culture and can also be taken from patients,
but often suffer from the same limitations as primary cells
(e.g. requirement for continued access to patient tissues).60

Additionally, they are more committed in their lineage than
hiPSCs, meaning that cell types available for organoid culture
are generally limited to the organ from which the cells were
extracted.61 Organoids can be derived from tumour biopsies,
and show indications of being more disease relevant than
cell lines.62,63 Organoids are also amenable to genetic editing
using methods such as CRIPSR/Cas9 and lentiviruses,
providing further opportunities to diversify the cell models
available.61 With improved recapitulation of the environment
in vivo, this technology has enormous potential to improve
translation in PDD. Organoids have already begun to be
employed in HTS campaigns, demonstrating their potential
to act as drug screening platforms.64–67 Biobanks of patient-
derived tissues are providing greater choice in cell models
and improving access to cells with specific molecular
hallmarks, though this raises new ethical considerations
around generating ‘organs’ from human donors.68 Although
currently in its infancy, organoid testing could revolutionise
drug discovery by abolishing or drastically reducing the need
for animal testing in the future. Currently there are some
limitations that will need to be overcome for organoids to be
widely adopted in drug discovery, such as a lack of well-
established protocols and variability in organoids produced
from the same cells between groups.59 Culture of organoids
currently relies heavily on extracellular matrix protein
products such as Matrigel, which is obtained from
Engelbreth–Holm–Swarm (EHS) mouse sarcoma cells.
Variation in batches of Matrigel can be a cause of variability
in organoid screening, which presents an imperative for
synthetic, well-defined replacements that can support 3D
culture instead.59,69 One way this is being addressed is by
applying ‘organ-on-a-chip’ technology to create ‘organoids-
on-a-chip’.70 Like hiPSC-derived cell culture in 2D,
implementation of organoids for screening requires a high
level of specialist technical skill, and does not yet possess
reliable throughput and assay metrics to drive a drug
discovery programme. Additionally, although organoids
represent a considerable improvement towards phenotypic
relevance, it must be kept in mind that these models do not
fully replicate organ function.

Reporter-gene assays have increasingly found application
in HTS platforms for PDD programs to address the problem
of low compound throughput. The transfection of cells or
organisms with a reporter gene (that ideally is not natively
expressed in the selected studied system), allows monitoring
of up- and down-regulation of specific proteins or pathways
within a model system. Commonly used reporter proteins
include green fluorescent protein (GFP), red fluorescent
protein (dsRed), luciferase enzyme (luc), chloramphenicol
acetyltransferase (CAT), β-glucuronidase (GUS) and
β-galactosidase (lacZ). These generally have fluorescence or
luminescence properties, which are used for the detection of
changes to the cellular environment that are otherwise not
easily measurable. Luciferase reporter assays are among the
most widely employed tools in phenotypic screening due to
their ease of use and the ability to generate a quantitative
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readout through measurement of fluorescence with minimal
background-noise caused by autofluorescence. Additionally,
this assay does not rely on post-translational modifications
in mammalian cells, compared to green fluorescent protein
(GFP) another broadly used reporter gene. Despite this, such
assays have major drawbacks, namely that luciferase binding
compounds can interfere with the signal, leading to higher
rate of false positives or negatives, depending on the assay
readout. A number of potent luciferase inhibitors have been
discovered through their interference with a luciferase-based
reporter cell assay.71–74 More generally, awareness of
structural alerts of pan-assay interference compounds (PAINS)
including luciferase inhibitors is important to flag potential
non-specific binders to avoid disappointment further down
in the drug discovery pipeline.75,76 More recently NanoLuc®
luciferase systems, which are based on a 19.1 kDa luciferase
enzyme that originates from deep sea shrimps, have provided
researcher with new opportunities due to the enzyme's
superior thermal and pH-stability, smaller size, and >150-
fold increase in luminescence compared to traditionally
technologies using firefly or Renilla luciferase.77,78 The
improved brightness of the reporter permits measure
proteins with a low-level of expression, including endogenous
proteins. Furthermore, this has enabled the use
luminescence microscopy more broadly as an alternative to
confocal microscopy. NanoLuc has proven to be useful for a
wide range in vitro and in vivo platforms including NanoBiT
and NanoBRET. The main limitation of this technology is its
blue-shifted emission maximum at 460 nm compared to
traditional luciferases (480–485 nm), which is not optimal for
in vivo investigations and requires further optimization.78

The power of phenotypic screening to investigate
complex systems and diseases is also associated with the
enormous challenge of analysing complex and large
datasets.1,14–18,39,79–87 Advances in data analysis are already
enabling the analysis of big and complex data from
experiments and databases; such methods include
neural-networks, machine-learning, and deep-learning
methods.81,82,85,87–91 Additionally, advances in cellular
imaging have ushered in the era of high content screening
and have led to predictive toxicology procedures which draw
attention to potentially problematic hits early in the discovery
phase of PDD programs.92 Application of computational
methods may expedite the identification of drug targets,
toxicological structural alerts, and advance rational drug
discovery approaches with regards to polypharmacology.93,94

Machine learning approaches may be able to reduce the need
for in-depth knowledge of a drug target, by annotating and
clustering complex protein networks based on multiple
readouts from complex biological models and structural
modifications from medicinal chemistry programs, which
then can be used as the basis for rational drug optimization.

In summary, technical advances in phenotypic screening
contributed to the spotlight on PDD into the 21st century,
but there are still numerous challenges that limit widespread
adoption of PDD in both academia and industry (Table 2).

Target deconvolution from
phenotypic screening

Whilst PDD allows for optimisation of compounds to induce a
disease-relevant phenotype, doing so without knowledge of the
targets involved can have major safety ramifications. Therefore,
compounds discovered through PDD warrant at the very least
meticulous investigation to rule out interactions with pathways
deemed unsafe due to well-known drug-induced toxicities.
Although the approval of drugs by authorities is not necessarily
dependent on identifying the mechanism of action, knowing
the drug target and disease biology generally eases the
registration process due to increased confidence in the safety
profile of a drug, whilst it also aids the drug development
process.95 The identification of a target also permits
stratification of patient groups via the use of predictive genetic
biomarkers, an approach which has been particularly successful
for the treatment of cancers.19 Consequently, the identification
of drug targets from phenotypic screening, known as target
deconvolution, is a central part of most phenotypic drug
discovery programs.40,96–103 The synergistic effects of both PDD
and TBDD is most significant when target identification is
achieved early on in a drug discovery program (Table 1). As a
result, advancement of both phenotypic screening methods and
deconvolution strategies go hand-in-hand and play a critical role
to improve the efficiency of the drug discovery process.

Hit-to-lead optimization driven by phenotypic screening
can be challenging due to the confounding effects of cell
permeability, stability, solubility and uncertainty that
analogues under comparison are engaging with the same
target(s). Target deconvolution aims to overcome these
limitations and, if performed successfully, aids the generation
of well-defined SAR data in addition to potentially enabling
structure-based design. Multiple excellent reviews have been
published in recent years discussing target deconvolution and
validation strategies, and we do not seek to replicate
these.104–111 We will, however, discuss the aspects of target
deconvolution involving small molecule engagement directly
with protein targets, and the strengths and limitations of
these techniques.

Table 2 Technical advances and remaining challenges of phenotypic
screening

Advances in phenotypic screening

• High throughput screening
• Advanced data analysis
• Access to patient-derived samples
• Organoids
• Pluripotent stem cell technologies
• Gene-editing tools (CRISPR–Cas)

Challenges with phenotypic screening

• Low screening throughput
• Identification of false positives
• Ensuring chain of translatability
• Assay variability

RSC Medicinal ChemistryReview
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Target deconvolution based on genetic, chemical and
biophysical methods is often time-consuming. Therefore,
researchers routinely perform parallel screens of libraries
consisting of a broad set of known biologically active
compounds with well-established target activity and mode of
action (approved and/or failed drugs, gold standards and
chemical probes) to identify the drug targets of hits from
high-throughput campaigns.83,84,112 Ideally these libraries of
compounds cover a broad chemical and pharmacological
space, while exhibiting respectable bioavailability and safety
profiles. This approach allows for the direct comparisons of
phenotypic changes between established compounds and
novel hits from phenotypic screening campaigns, thereby
assisting the elucidation of the drug target(s) while also
identifying hits with novel mechanism of action. The
possibility to identify polypharmacology of compounds with
established in vivo efficacy is an important advantage of this
method, allowing researchers to gain a better understanding
of the complex underlying biology of many diseases and
particularly CNS disorders, which remains a key challenge
that needs to be addressed with modern drug
discovery.22,23,25,113,114 Additionally, this approach might
allow for repurposing of established drugs for new
indications thereby fast-forwarding the optimization process
of finding not only an efficacious, but also safe, drug with
good physicochemical properties.115,116

Chemical probes in phenotypic
screening and target deconvolution

Low success rates in clinical studies have highlighted the
importance of high-quality chemical probes in drug discovery
to ensure the robustness of drug targets and their clinical
relevance.117,118 In the context of this review, chemical probes
are defined as small-molecule tools that uniquely interact
with a specific drug target and can be used to study protein
function in a biological system. By designing a small
molecule for this purpose, the behaviour of the protein target
of interest can be studied in multiple biological systems
where applicable, such as in different cell types or pathogens.
High-quality probes become especially pivotal when complex
screening assays are used, as is generally the case for PDD
programs.119 There are many factors and properties that need
to be considered when designing probes to guarantee the
generation of robust data sets. These allow for informed and

confident decision making regarding progressing a hit or
terminating drug discovery projects at an early stage.120

Phenotypic screening relies on quality chemical probes to not
only reliably establish the relationship between a target and
its phenotype but also to assist with the deconvolution of
drug targets and mechanism of action.121,122

The development of target-selective probes to investigate
drug targets has gained more attention in recent years, and
has led to the establishment of dedicated libraries as well as
of rules to guide the design of high-quality probes, which are
collated in numerous recent reviews.120,121,123–125 A
retrospective analysis performed by Pfizer determined the
underlying factors that lead to the failure of their drug
discovery programs, highlighted the importance of three key
criteria (Table 3) to ensure the validity of results in cell-based
assays for target validation using chemical probes, being 1)
exposure at the site of action, 2) target engagement and 3)
functional pharmacological activity.125 This concept was
further complimented with a 4th pillar focusing on the
relevance of the phenotype, essentially to assure that the
observed change in the phenotype is relevant in the
framework of human disease and is not caused by non-
specific interactions.125 Certain properties are essential for all
chemical probes, others might vary depending on type and
location of a drug target, as well as model organism and the
specific application of a probe (Table 3); hence, it is always
essential to be aware of the limitations of a specific probe.

High affinity and good selectivity for the target of interest
are key to ensure that the observed phenotypic effects are not
due to another protein target. In some cases non-selective
probes might still be suitable depending on the application,
and off-target effects can be investigated via co-administration
of selective inhibitors, however, this approach is undesirable
as it adds significant complexity and uncertainty to the
experiment.126 To understand the role of a protein in
isolation, highly selective chemical probes for a specific drug
target are desirable. High selectivity is not always readily
achievable, especially for targets with highly conserved
binding sites. It is, however, paramount that all probes well
annotated to ensure they are appropriately used, and results
interpreted correctly. A common source for false positive hits
is the colour, auto fluorescent, cytotoxic or promiscuous
binding nature of compounds. To confirm or disprove the
validity of a hit it is always recommended to use at least one
secondary orthogonal screening assay to eliminate false

Table 3 Overview of key criteria and properties for the design and validation of chemical probes

Key criteria Properties for consideration

1) Exposure at the site of action • On- and off-target affinity and selectivity
2) Target engagement • Solubility and toxicity profile
3) Functional pharmacological activity • Chemical and/or metabolic stability
Ensure requirements are fulfilled in all assays: biochemical,
in-cell assays (in vitro) and animal models (in vivo).
Confirm that the phenotype is relevant to human disease.

• Cell permeability/in vivo activity (including active efflux)
• Lipophilicity (calculated or measured via clog P)
• Assay interference and/or promiscuous binding
• Structural integrity and purity (particularly important for
purchased compounds from commercial vendors)

RSC Medicinal Chemistry Review
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positives early in the drug discovery cascade. Furthermore, a
probe's chemical composition and physicochemical properties
play a crucial role for its cell-permeability, solubility, toxicity
and stability. Without the careful consideration of these
factors, exposure at the site of action, target engagement and,
functional pharmacological activity cannot be guaranteed.120

BET bromodomain inhibitors, such as chemical probe JQ1 (1)
(Table 4), are an example of excellence in the development
and pharmacological evaluation of chemical probes.127,128 The
(R)-enantiomer of JQ1 (1) is inactive and the ideal negative
control when used in parallel to the active (S)-enantiomer of
JQ1 (1).128 Their discovery showcases the step-by-step
evaluation that should be sought after for the successful
validation of hits from phenotypic screening and the
associated target deconvolution.125,129

It is worth pointing out that the requirements for
chemical probes are different to drug candidates, e.g. long-
term therapeutic benefits and safety considerations are
pivotal for the successful development of drugs, whereas the
focus for chemical probes lies in gaining a robust
understanding of the target and its mechanism of
action.119,126 Nevertheless, the development and
pharmacological evaluation of chemical probes is equally
intricate as generally multiple factors, such as solubility, cell-
permeability, metabolic stabilities as well as on- and off-
target affinity and selectivity need to be optimized from an
original screening hit. Strategies such as monitoring the
lipophilicity of probes might be used to guide the
development while reducing the risk of self-aggregation and
off-target promiscuity of probes, but robust pharmacological
evaluations are indispensable to ensure a probe is fit for
purpose. It is also important to be on top of the latest
progress in the field as superior chemical probes are likely to
be developed over time, and the most commonly used and
commercially available tools are not always the most suitable
for use in a specific experiment.119 The value of systematic
and detailed development and assessment of chemicals
probes cannot be overstated for the robust validation of hits
from phenotypic screening assays, and will be key to
improving the odds of success of drug discovery programs.

In addition to the general qualities described above, tool
compounds with distinctive properties, known as labelled
probes, are strategically used to support phenotypic drug
discovery programs in pursuit of hit identification as well as
target deconvolution. There are some structural and
functional features common to labelled probes, which we will
discuss along with their applications in this section. Labelled
probes consist of a biologically active moiety or
pharmacophore that ensures affinity and selectivity for the
target of interest, combined with a reporter group to enable
their detection and/or a reactive group to facilitate target
binding. Commonly used reporter groups include biotin,
hemagglutinin, fluorophores or radioisotopes, which assist
with the identification of the ligand–protein complex using a
range of different experiments.130,131 In some cases, the
installation of a linker is necessary to connect the

pharmacophore with these functionalities to circumvent a
detrimental loss of the parent compound's key
pharmacological and physicochemical properties. Some
representative examples of different labelled probes are
discussed below and illustrated in Table 4. The time and
effort required for the successful development of chemical
probes should not be underestimated, as each part of a probe
needs to be carefully optimized and often extensive SAR
studies are necessary to be performed beforehand.
Ultimately, chemical probes can play a key role by providing
practical assay readouts, validating on-target action, target
engagement and mechanism of action, and furthermore be
valuable tools in assisting pull-down experiments.

Labelled chemical probes in
phenotypic screening

Radioligands are chemical probes that contain a
radioisotope, which allow for quantification of a molecule's
ability to bind to a protein of interest. Tritium (3H) is the
most used radioisotope for pharmacological experiments,
mainly due to its long half-life (12.3 years), good safety profile
(low beta energy emission), and the relative ease of its
synthetic incorporation into molecules. Other radioisotopes
are also used, such as 125I which has a half-life of 59.5 days
and is commonly used to label peptides at tyrosine residues.
In phenotypic screening radioligands can be used to
establish if test molecules bind to the same binding site
through competition experiments. Applications include the
screening of compounds to discover structurally novel hits of
the same drug target or assisting the identification of a drug
target and mechanism of action from hits of a phenotypic
screening campaign. Radiolabelled tool compounds also
permit determination of the binding kinetics (association
and dissociation rate constants) of hits without the need for
labelling each compound individually. Apart from the
insertion of a radioisotope, radioligands are often structurally
identical or close analogues of the parent molecule, which
increases the likelihood of retaining biological activity and
physicochemical properties, the latter often permitting the
use of these tools in live cell experiments.138 The
radiolabelled [3H] spiperone (2) (Table 4), a dopamine
receptor antagonist with extremely high affinity for the D2,
D3 and D4 receptor subtypes e.g. has exhibited variances
between results of binding studies performed in cells and
membranes.132,133 To ensure specific binding for the target,
radioligands ideally require rate constant (Kd) in the low
nanomolar range and good selectivity, however, this often
requires rigorous synthetic optimization and limits their
application for types of ligands that commonly have low
binding affinity, such as ligands that bind to allosteric sites
of class A G protein-coupled receptors.

Fluorescence has frequently been used in phenotypic
screening for decades using reporter cell lines, which allows
for measurement of the change in expression levels or
subcellular location of a protein. As previously discussed, this
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approach has its limitations. The incorporation of a
fluorophore into chemical molecules of interest, makes
fluorescent probes suitable tools for a range of applications
without the need for genetic manipulation.139–144 Fluorescent
probes of a molecule with a known target can be used instead
of radioligands. In addition to being superior in terms of
safety, temporal and partial resolution, a fluorescent probe
might also be used to study signalling processes, localisation
and expression of a protein of interest. Similarly, the
emerging research area of fluorescent bioprobes aims to
investigate phenotypic changes in intact biological systems
by measuring levels of fluorescently labelled biochemicals
that have been linked to one or several diseases. A
representative example is the development of fluorescently
labelled-glucose bioprobes (Table 4, compound 4) that can be
used to quantitatively measure cellular glucose uptake in
real-time.135 Glucose levels are highly regulated in the human
body and in the case of numerous diseases abnormal levels
of glucose can be observed, e.g. in cancers, diabetes and
Alzheimer's disease. As a result, fluorescent bioprobes for
glucose have been used for diagnostic imaging and the
successful identification of novel structural hits from
medium-size phenotypic screens (>1000 compounds).135

Traditional image-based methods have lacked adaptability to
high-throughput screening, but progress in imaging
technology and computational methods is expected to even
further broaden the scope of fluorescent-based phenotypic
screening approaches.145–148

Labelled chemical probes in target
deconvolution

The use of chemical probes to understand protein function,
known as chemoproteomics, is a powerful strategy in target
deconvolution.149 Like phenotypic screening, this field has
made huge progress, largely driven by advances in mass
spectrometry (MS), which is the main quantitative analytical
method used to identify putative target proteins of small
molecules.150 It has outstripped other analytic methods due
to its speed, low sample loading requirements and flexibility,
making it an essential tool in the target deconvolution
process. Protein abundance can be calculated in a
quantitative chemical proteomics approach through labelling
methods such as stable isotope labelling by amino acids in
cell culture (SILAC) and isobaric tags for relative and absolute
quantitation (iTRAQ).151 These methods have made
considerable progress in addressing the challenges of non-
specific binding or low protein abundance that are often
encountered in target deconvolution campaigns.152

Fig. 2 illustrates various applications of labelled chemical
probes in target deconvolution. Affinity chromatography
(Fig. 2a) is one of the most well-known chemoproteomics
techniques, which exploits the affinity of the small molecule
to its protein target(s).102 The compound is derivatised to
possess a chemical group (e.g. an amino group) suitable for
immobilisation on a solid support, such as beads, if it

doesn't have one already. A soluble protein fraction such as a
cell lysate is then applied to the compound-immobilized
surface, which is then repeatedly washed to remove unbound
protein. Lastly, the bound proteins are eluted and identified
by MS.107 An example of this is the discovery that (R)-
roscovitine targets pyridoxal kinase in addition to cyclin-
dependent kinases.153 This method is fairly disparate from
the biological conditions of a phenotypic assay, which
represents one of its major limitations. It also requires a high
compound affinity for the protein to ensure that the complex
survives the subsequent stringent washing steps, and to
minimise contaminant interference or non-specific
binding.104,107 Immobilisation of the compound can also
present challenges by altering its conformation or reducing
its ability to bind to its protein target(s), suggesting that
validation of any targets using a method with free compound
is key to developing confidence in any identified proteins.

In order to overcome the need for chemical probes with
high target affinity, increasing campaigns are employing the
use of modified chemical probes that allow direct
engagement of this probe with targets in the proteome to be
identified.34 Covalent probes possess a reactive group that is
capable of forming irreversible covalent bond with an amino
acid residue of a target, ideally within the proximity of a
target binding site (Fig. 2b).154 The probe's affinity for the
target(s) can therefore be much weaker, in the order of μM as
opposed to the ideal nM required for pure affinity
chromatography methods.107 Activity-based protein profiling
(ABPP) involves a chemical probe that exploits nucleophilic
amino acid residues in the binding site to form a covalent
bond. If the drug is not already a covalent binder of its target
protein, then it must be engineered to incorporate a
chemoreactive group.151 This concept is demonstrated by the
fluorescently tagged probe PCI-32765 (5) in Table 4, which is
based on the marketed cancer drug ibrutinib, a covalent
inhibitor blocking B-cell receptor signalling.136 Ibrutinib
contains an α,β-unsaturated amide electrophile (Michael
acceptors) that is known to form a covalent bond with an
active site cysteine in the ATP-binding pocket of Burton's
tyrosine kinase (BTK). Attachment of a Bodipy-FL fluorophore
to the pharmacophore, PCI-32765 (5), was achieved via the
introduction of a piperazine linker. The cell permeable probe
was used to directly quantify the occupancy of the Btk active
site by 5 in cells or target tissues, and determine minimum
dosage levels in specific cancer patient cohorts.136 In affinity-
based protein profiling (AfBPP)/photoaffinity labelling (PAL) a
photoreactive group is incorporated into the probe which, on
exposure to UV irradiation, can form a covalent bond with
the target(s) it has an affinity for. The photoreactive group
can either be incorporated directly into the pharmacophore
or attached via a linker. There are pros and cons to each of
these approaches, and both require optimisation to ensure
that the biological activity of the parent compounds is
recapitulated as well as possible. Installation of the
photoreactive group via a linker can minimise interference
with the pharmacophore's binding to the target, as can be a
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problem with a pharmacophore-incorporated photoreactive
group. On the other hand, the addition of a linker results in
a bigger difference structurally between the parent compound
and the probe, and can have detrimental effects on the

probe's cell permeability. AfBPP/PAL can also be referred to
as capture compound mass spectrometry (CCMS).155–157 An
example of this approach is the identification of the aryl
hydrocarbon receptor as a molecular target for the Duchenne

Fig. 2 Workflow of different target deconvolution methods using labelled chemical probes, illustrating a) affinity chromatography, b) ABPP and
AfBPP and, c) ABPP and AfBPP using click conjugation.
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muscular dystrophy drug candidate, ezutromid.158 Groups
have also been using targeted photoaffinity probes to take a
snapshot of complex groups of proteins in living cells e.g. the
Hsieh-Wilson group developed a photoaffinity probe which
was used to identify >50 glycosaminoglycan binding proteins
in cortical neuron cells, mapping a highly complex network
of protein interactions.159 Cravatt and co-workers have been
key drivers of innovation in the field of photoreactive probe
development, using PAL not only as a method of target
deconvolution, but also combining it with phenotypic
screening to create powerful new platforms for drug
development.160–166 Both types of probes have their unique
strengths and weaknesses; chemoreactive probes rely on a
nucleophilic amino acid residues in or near the active
binding site, whereas photoreactive probes might be able to
bind in more “natural” binding modes due to their ability to
form a covalent bond in situ with any amino acid residue, but
require UV radiation that might cause protein degradation.167

A major advantage of both of these techniques is that they do
not require compound immobilisation before incubation
with proteins. If a suitable probe can be developed, it can be
incubated with live cells, the cells lysed and bound proteins
purified using a suitable tag. This enables target engagement
to be captured in a much more relevant biological context.

ABPP and AfBBP are extremely powerful approaches when
successful, but the relative success rate of these versus affinity
chromatography is low. Photo-crosslinking yields can be low,
which is a considerable contributor to experiments with
photoaffinity probes.107 Incorporation of the different groups
required often represents a considerable chemical
undertaking in terms of SAR development and synthesis (this
is also true for more classical affinity chromatography
studies), with the additional risk of loss or altered biological
activity. Further considerations include the potential for
metabolism of the probe if applied to live cells,34 as well as a
detrimental effect on the probe's cell permeability.

Cell permeable probes can provide important information
that is lost in biochemical assays, such as effects resulting
from post-translational modification, autoinhibition, protein–
protein interactions, substrate competition and the distinct
subcellular distribution of proteins.168 This has led to the
advancement of the field towards clickable probes (Fig. 2c),
which are significantly smaller in size, often making these
probes more suitable for experiments in live cells.168 Although
various clickable groups are available, the most commonly
used reaction is between an alkyne and azide group, which
results into a 1,2,3-triazole linkage.169 This concept is again
exemplified by the marketed cancer drug ibrutinib, which
more recently was converted to a clickable activity-based
probe (Table 4, entry 6) that was used to study in-cell
proteome selectivity in human cancer cells.137 The probe was
designed with the aim of not altering the reactivity of the
Michael acceptors, while also having no or minimal effect on
the compounds affinity of the target, which was achieved by
introducing the alkyne functionality at the oxydibenzene
group. Following cell penetration, the alkyne underwent a

copper-catalysed Huisgen 1,3-dipolar cycloaddition with an
azide-rhodamine (N3–Rh) reporter tag to facilitate isolation
and identification of any bound proteins. This work revealed
off-target interactions with a number of proteins, mainly ones
that also contained an active site cysteine residue, and was
the basis for the development of more selective analogues via
chemical alteration of the reactivity of the electrophile
(Michael acceptor).137

The principles discussed above are also applicable to the
development of chemical probes for the yeast-three hybrid
system. Detailed discussion of this chemical genetics
approach is beyond the scope of this review, but
incorporation of the probe into the system requires
analogous linker chemistry.170,171

As the development of covalent probes is not without its
challenges, some researchers have been advocating for the
establishment of libraries of fully functionalized small-
molecules containing both a photoreactive group for covalent
cross-linking and an alkyne handle for the conjugation with
a reporter tag.172 Although, this approach allows to expedite
the target deconvolution process due to eliminating the need
for further chemical optimization, extensive work is involved
synthesizing such libraries, that have only limited structural
diversity and lack of compounds with properties suitable as
drug candidates. Although, some of the shortcomings of this
method might be addressed with the development of novel
photoreactive groups, there is a continuous need for more
efficient and innovative ways to rationally design chemical
probes. One might also foresee that the implementation of
electrophile fragment screening methods into PDD could
expedite the development of covalent probes for target
deconvolution.173

Label-free chemical probes in target
deconvolution

Many of the approaches for phenotypic screening and target
deconvolution detailed in this review rely on small molecule
chemical probes that exhibit affinity for their target(s). A
small molecule under investigation often requires
modification to allow for analysis of the proteins it binds to,
although increasing options for label-free target
deconvolution are available. As previously highlighted, the
effect any modification might have on the activity of the
chemical probe, especially the potential for the modification
to alter the proteins targeted, is a real source of concern. As a
result, label-free methods provide a level of reassurance as
part of a package combining multiple approaches and
readouts. The below methods work on the assumption that
molecule binding to a protein target will alter its stability
(Fig. 3). A major benefit of these techniques is that they do
not require modification of a small molecule to generate a
suitable chemical probe. This reduces the chemistry burden
and allows visualisation of target engagement with the actual
compound of interest. A key caveat with all these techniques
is that not all ligand binding events will cause a change in
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the measured property, leading to the possibility of false
negatives.174 The cellular thermal shift assay (CETSA) and
thermal proteome profiling (TPP) exploit the thermal
stabilisation of a protein on its complexation with a ligand to
assess target engagement by a chemical probe.175 Incubation
of the compound of interest with either protein lysates or
cells, followed by lysis, and analysis at different temperatures
allows profiling of the proteins' melting temperatures on
compound treatment.176–180 Application of CETSA and TPP in
a cellular context, instead of protein lysates, provides a more
physiologically relevant snapshot of target engagement.178,181

Drug affinity-responsive target stability (DARTS) follows a
similar premise to CETSA, this time assessing the change in
stability of a protein to proteolysis on binding with the
molecule of interest,103 and stability of proteins from rates of
oxidation (SPROX) investigates the ligand-induced stability of
a protein to oxidation.182 These techniques can be combined
with MS proteomics to increase the data obtained.183 It is
advisable to employ more than one unbiased target
deconvolution approach to reduce the number of false
positives, as exemplified by the identification of Plasmodium
chaperonin TRiC/CCT as a molecular target for clemastine by

Fig. 3 Workflow of different label-free target deconvolution methods, illustrating a) DARTS, b) CETSA/TPP and, c) SPROX.

RSC Medicinal ChemistryReview



RSC Med. Chem., 2021, 12, 646–665 | 659This journal is © The Royal Society of Chemistry 2021

Fitzgerald and Derbyshire.184 The researchers employed
parallel TPP and SPROX chemoproteomic strategies in this
work.

Target deconvolution campaigns are being increasingly
employed to uncover new biology and power drug discovery.
The array of methods available, including non-chemistry led
methods such as functional genetics, various-omics, knock-
down studies and computational validation, has allowed
scientists to uncover the biological targets of drug candidates
with a high degree of confidence.110 These remain, however,
challenging and time-consuming endeavours which require a
great deal of effort and technical skills. The advances in
chemistry-led target deconvolution and persisting challenges
are summarised in Table 5.

What breakthroughs are needed
next?

Phenotypic screening is at the forefront of drug discovery
once more. The integration of new technologies and methods
that have emerged over the past 50 years has already begun
to transform PDD and improve the chances of discovering
new medicines for complex indications. Despite this
progress, further breakthroughs will be needed to fully realise
the potential of PDD.

One of the main strengths of PDD is its ability to capture
polypharmacology i.e. interactions with multiple targets to
produce both the desired biological effect, as well as other
unwanted side effects. This is a key weakness of TBDD, as
focussing on a single molecular target to drive compound
design does not allow for a representative picture of the
complex disease environment.32 As a result, a compound
discovered through TBDD that has a high affinity for its
target can fail to deliver the correct phenotypic effect linked
to a desired therapeutic benefit. That does not mean that
drugs produced through TBDD do not display
polypharmacology – indeed many approved drugs have been
shown to hit multiple targets regardless of their path of
discovery.185 It should be noted that the presence of
polypharmacology adds huge complexity to the challenge of
target identification. Another considerable challenge that
remains is the successful optimisation for multiple targets at
once using structure-based design, however, there is
considerable progress being made in this field.186 The ability
to achieve this would harness the synergy between
phenotypic drug discovery and phenotypic drug discovery,
hopefully leading to greater translation.

Ensuring disease relevance in the assay cascade continues
to represent a considerable challenge in PDD. Many factors
influence the chain of translatability, therefore the data
obtained from phenotypic screens must be systematically
studied and validated. Development of phenotypic screening
assays that better represent human disease and provide high
confidence in translatability remain pivotal. Hence, there is a
continuous need to further develop and optimize the
previously mentioned technologies, such as iPSC-derived
cells, high-content imaging, 3-dimensional organoid tissue
models and machine learning methods, which have the
potential to transformation the field, particularly when used
to complement each other.

Validated, robust high-quality chemical probes for
phenotypic screens are extremely crucial to ensure confidence
in assay data. This is particularly relevant for novel more
phenotypically relevant systems with high variation e.g.
different batches of iPSC-derived or patient-derived cells.43

There are a number of information sources available to those
seeking chemical probes but it is acknowledged that
dissemination of our collective knowledge could be
improved.187 An openly available and current collection of
validated negative and positive controls, in addition of
increased awareness of the limitations of existing probes, will
help further direct and improve the effectiveness of drug
discovery programs in academia and industry.

Another major limitation of current probes is the level of
chemical modification required to induce fluorescence, covalent
binding or attachment to solid support. The incorporation of
moieties such as fluorophores or biotin generally results in a
substantial change in chemical structure, molecular size and
physiochemical properties in comparison to the parent
compound. This is particularly profound for small non-peptide
based hits, including those designed to pass the blood–brain
barrier. As a result, they may not able to interact with the target
or are poorly representative of how the parent compound
interacts with the target, and additionally are often less active
and drug-like. The ability to generate desirable characteristics,
e.g. fluorescence, through minimal chemical and
physiochemical modifications would represent a significant
breakthrough in the field, allowing for more accurate modelling
of the mechanism of action of the parent compound, and
opening up the possibility of using such probes for in vivo
applications.

Target deconvolution remains challenging with low to
moderate affinity binders, resulting in often significant
background noise.172 Methods are highly reliant on

Table 5 Technical advances and remaining challenges in chemistry-led target deconvolution

Advances in target deconvolution Remaining challenges

• Annotated libraries of biologically active compounds • Nonspecific binding events
• MS methods for chemoproteomics, including protein/peptide labelling • Enrichment of target protein in low abundance samples
• Multiple activity and affinity-based approaches • Identification of on- and off-targets
• Non-labelled approaches • Rapid processing of large quantities of MS data

• Alternative analytical methods to MS
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enrichment of proteins and their subsequent detection by
MS. The development of methods based on fundamentally
different principles of actions would increase the robustness
of target deconvolution campaign. One might envisage the
use of target degradation as a viable alternative to verify the
results of current pull-down target deconvolution
methods.188,189

Although our understanding of the underlying biological
processes in the human body, and our ability to drug them,
has evolved, approximately 85% of human proteins are
considered “undruggable” proteins.190 This is due to a lack
of sites that can be targeted using traditional drug discovery
tactics; this includes transcription factors, non-enzymatic
proteins and scaffolding proteins. The discovery of “small
molecule” protein degraders, such as PROTACs and LYTACs,
might be able to overcome some of the existing limitations,
but continuous research is needed to find new avenues in
our quest to target all therapeutically relevant proteins.190

This in turn means that current methods used for phenotypic
screening, target deconvolution and the development of
chemical probes require constant advancement to remain at
the forefront of the field.

Conclusion

Unsatisfactory progress in drug discovery programs has
resulted in a resurge of PDD, which has potential to identify
better leads for complex diseases lacking robustly validated
drug targets or well-defined biology. Despite the huge
promise of this approach, phenotypic screening presents
unique challenges that need to be addressed for it to reach
its full potential. Researchers will have to integrate state-of-
the-art methods, technology and data analysis to overcome
remaining challenges and limitations associated with PDD.
Additionally, progress in target deconvolution will further
boost PDD programs by permitting the implementation of
TBDD methods and allowing capitalisation of the synergy
between these approaches.

Chemical probes play an integral part in both phenotypic
screening and target deconvolution, and the development of
novel probes will be key to advance this research area and to
attain its potential. There are different ways in which the
development of chemical probes might be improved,
including their design, synthesis and properties,
supplemented by novel computational approaches to improve
the analysis of pharmacological and biological results.
Together, changes in this area will address key challenges
that are limiting the success of these methods to date, such
as the shortage of fundamentally different approaches for
target deconvolution, the inaptness of probes for the
performed studies as well as a limited understanding of key
interactions between different proteins and signalling
pathways. Methods such as CETSA and TPP are already
beginning to overcome the latter issue, with these techniques
able to provide information such as complex formation and
binding partners in physiologically relevant environments.

By combining the latest methods in phenotypic screening,
target deconvolution and the design of chemical probes, drug
discovery programmes will be in a much-improved position
to identify first-in-class drug candidates with well-defined
mechanism-of-action. Due to the ageing population across
the globe, it has never been more pressing to find therapeutic
interventions for prevalent neurodegenerative disorders, such
as Alzheimer's and Parkinson's Disease. Understanding and
controlling the complex biology underlying disease states
continues to be an enormous challenge but, considering the
new possibilities that are available for researchers compared
to only half a century ago, the future looks bright.
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