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1 Introduction

One of the major challenges in biological sciences con-
sists in devising novel strategies to detect and visualize
biomolecules in their natural environment so as to gain
insight into their behavior in physiological settings but

also to provide and harness information from pathological
settings for developing better therapeutics and targeting
strategies. To this aim, several classes of imaging probes
have been developed – from small ligands, peptides, and
drugs to larger macromolecules including engineered flu-
orescent protein reporters and antibodies and nanotech-
nology-derived systems, such as dye-doped organic and
inorganic particles [1].

The discovery and engineering of autofluorescent pro-
teins (AFPs) and the chemical synthesis of a vast palette
of small fluorescent probes over the past decade, have led
to the design of a wealth of imaging probes, which,
together with the escalation of fluorescent imaging tech-
nologies, currently offer numerous possibilities for imag-
ing biomolecules in living cells and organisms [2–5].
Amongst the broad spectrum of imaging probes that have
been developed over the last decade, and which are gen-
erally used to label a biomolecule of interest so as to visu-
alize it and track it through space and time, a particular
class of tools known as fluorescent biosensors has gained
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in potency and popularity, thanks to the additional ability
of fluorescent biosensors to transduce information on the
target in a quantitative, continuous, and reversible fash-
ion. Fluorescent biosensors typically consist of a receptor
moiety that recognizes the target (generally a substrate or
binding domain), which is coupled genetically, chemical-
ly, or enzymatically to one or several fluorescent probes,
which act as bio-transducers that output a measurable
signal, proportional to the abundance, activity or confor-
mational status of the target. Whether genetically-encod-
ed or based on peptide, protein, or polymer-based scaf-
folds, fluorescent biosensors constitute potent tools for
the detection of biomolecules in complex biological sam-
ples, in living cells and even in animal models [6–10].
These tools provide sensitive means of monitoring
dynamic changes in biomolecular behavior in response to
natural stimuli or to stress, to pathological conditions, or
to therapeutics. Moreover, fluorescence imaging is a sen-
sitive and non-destructive process which allows to visu-
alize dynamic processes in living cells in real time with
high spatial and temporal resolution, thereby providing
precious information on the subcellular localization and
behavior of intracellular targets. As such, fluorescent
biosensors offer a wealth of opportunies to address fun-
damental issues in life sciences, and are perfectly suited
for development of biomedical applications [11–13].

1.1  Fluorescent biosensors for drug discovery
programs

Fluorescent biosensors are attractive tools for drug dis-
covery programs, and have been widely used throughout
the drug discovery pipeline, from primary high through-
put screening (HTS) and high content screening (HCS)
assays which integrate additional phenotypic and cellular
imaging information, for hit validation and postscreen
characterization, lead optimization, and preclinical evalu-
ation (Fig. 1). Indeed, fluorescent biosensors are particu-
larly well suited to screen large complex libraries in high
throughput formats due to the inherent high sensitivity of
fluorescence in response to compounds that affect the
enzymatic activity or function of target enzymes. More-
over, since fluorescent reporters allow the monitoring of
biomolecular processes in real time and in a continuous
fashion, they allow the study of the kinetics of compound
interference with target activity rather than simply pro-
viding a snapshot of the effect at a given time-point.
Hence, fluorescent biosensors are perfectly well suited to
study the dynamics of response and the mechanism of
action of compounds, to study their differential effects on
target activity and dynamics of activation, and to under-
take pharmacological studies and kinetic profiling of ago-
nists and antagonists [14]. As such, they allow for com-
parative mechanistic studies between different drugs,
whilst also providing new opportunities for development
of more effective drugs.

Last but not least, fluorescent biosensors constitute
tools for screening in living cells, thereby offering a means
of assaying inhibitor potential in a more physiological
environment than that of a single purified recombinant
target in buffer [15–20]. Moreover, with the development
of cell-and image-based screens, it has become possible
to perform multiparametric screens to seek for hits that
interfere specifically with the target whose activity is
probed by a fluorescent biosensor, and which also meet
several predefined criteria with respect to cellular mor-
phology, cell cycle progression, apoptosis, and cytotoxic-
ity [21–23].

Fluorescent biosensors are ideal for the qualitative
and quantitative evaluation of inhibitor efficacy in living
cells at a postscreening stage, allowing researchers to
gain insight into the pharmacokinetics of hits, to monitor
both their fate following administration and in particular
their absorption and distribution profiles, as well as their
pharmacodynamics, in order to characterize their effect,
biochemical, and physiological consequences and mech-
anisms of action. Furthermore, when standardized assays
are established with lead compounds, fluorescent biosen-
sors provide means of screening for derivatives capable of
supporting structure–activity relationships, so as to opti-
mize candidates for therapeutic applications. Finally,
biosensor technology can play a central role in preclinical
evaluation trials, to assess the efficacy of candidate drugs,
to monitor response over time and emergence of resist-
ance, in parallel or in combination with early evaluation of
ADME (absorption, distribution, metabolism, excretion)
and toxicity profiles. For example, intravital imaging of
Src activity, thanks to a Src-specific genetically-encoded
fluorescent biosensor, allowed investigators to monitor
the targeting efficacy and clearance of dasatinib in a
transgenic p53-mutant mouse model of pancreatic can-
cer. This study revealed a spatial gradient of Src activity
within invading tumor cells and enhanced activity at the
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Figure 1. Utility of fluorescent biosensors throughout the drug discovery
pipeline. Fluorescent biosensors constitute powerful tools for drug discov-
ery purposes, from primary HTS/HCS assays, hit validation and post-
screen characterization, lead optimization, and preclinical evaluation.
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invasive borders of live tumors relative to the cortex, as
well as a threshold of drug penetrance in vivo, which
allowed the mapping of areas of poor drug-targeting effi-
ciency [24]. Another illustration of fluorescent biosensor
application to preclinical evaluation in cancer therapy is
the fluorescent biosensor developed to probe c-Myc activ-
ity in living mice, and used to monitor response to drugs
by non-invasive molecular imaging. This approach
revealed that inhibition of c-Myc activity could be imaged
in vivo, well before changes in tumor size were observed
in mouse xenografts and liver tumor models [25].

1.2  Criteria for successful application 
of fluorescent biosensors to HTS

The successful application of fluorescence-based sensors
to screen large and complex libraries of compounds in
high throughput and high content screening formats
depends on the quality of the assay. Ideally, a performant
assay should yield robust signals with a high signal-to-
noise ratio, which is not lost upon miniaturization, and
does not suffer from off-target effects. Hence several lev-
els of optimization are required to establish robust and
reproducible assay conditions. Prior to screening, several
criteria must be considered and met to obtain robust and
sustained responses in high throughput formats, since
several parameters may affect the quality and intensity of
the signals, in particular when downscaling the condi-
tions and miniaturizing the assay to reduce the amount
and cost of material used for the screen. Aside from the
obvious specificity and sensitivity expected from the
biosensor itself, as well as its ability to respond in a
dynamic and reversible fashion, it is essential to ensure
maximal differences between the signals associated with
response to positive and negative controls, and minimal
variability between these. Differences in these signals
may vary with the kinetics and parameters of acquisition.
As such it is important to measure the signal-to-noise

ratio, the dynamic range and the variability of the
response over time, since these features are critical for the
establishment of optimal screening conditions (Fig. 2).

1.2.1  Robustness, reproducibility, performance, 
and statistical value

The statistical value and performance of an assay can be
established thanks to several parameters, in particular the
signal-to-noise (S/N) ratio, assay variability, and the dif-
ference between positive and negative controls, which
are all taken into account to calculate the Z-factor [26–31].
Z-factor is a screening coefficient that reflects both the
dynamic range and data variation of control signal acqui-
sitions and is widely used to evaluate the quality of 
the screening assay. It is calculated based on the differ-
ences in the average values of positive and negative
 controls and of their standard deviations as follows:
Z = 1 − [(3O+ + 3O−)/u+ − u−)], where O+ and O− correspond
to the standard deviations of positive and negative con-
trols, whilst u+ and u− are the average responses for posi-
tive and negative controls. For an assay to be considered
suitable for a screen the Z factor should be greater than
0.5 [26, 27].

The S/N ratio can be defined as the difference
between positive and negative controls, or between the
positive response and background fluorescence, due to
the presence of cell extracts or to autofluorescence of liv-
ing cells. In this respect, several factors may influence the
variability and noise of the assay. Aside from the sensitiv-
ity/selectivity performance of the biosensors themselves,
sources of variation with genetically-encoded biosensors
may result from differences in transfection efficiency or
expression. Hence the use of stable cell lines is preferred
to minimize heterogeneity. Variability associated with
nongenetic biosensors is more often due to protein insta-
bility and/or loss of a preferred biosensor conformation.

Table  1 reports several examples of fluorescent
biosensors which have been validated and/or applied for
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Figure 2. Criteria for successful applica-
tion of fluorescent biosensors. Success-
ful application of fluorescent biosensors
requires a high degree of specificity and
sensitivity, the ability to respond in a
dynamic and reversible fashion, robust,
and reproducible signals.
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HTS together with their Z′, when available, and com-
ments with respect to their sensitivity/selectivity per-
formance.

1.2.2  Choice of fluorescent probes and optimization 
of the dynamic range for HTS/HCS

Autofluorescent proteins have been used for development
of FRET-based assays as well as for screens based on gene
reporter assays, which involve changes in expression lev-
els or on the subcellular localization of fusion proteins. To
avoid heterogeneity of expression associated with
ectopic expression of AFP fusions, stable cell lines are

generally used for high throughput screening assays.
Moreover, the brightness of the AFPs and FRET efficien-
cy between the donor and acceptor couples are amongst
the major features sought to be improved to optimize
assay conditions. In particular the dynamic range of
genetically-encoded FRET-based biosensors may be
improved by optimizing the change in distance and ori-
entation between the FRET couple of AFPs. In several
instances, this has been successfully achieved by reengi-
neering the modules involved in intramolecular interac-
tions so as to influence the conformational changes that
ultimately affect FRET between AFPs [29].
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Table 1. Fluorescent biosensors validated and/or implemented in HTS Assays

Biosensor Name Biosensor type Target Z factor Dye/probe Comments Reference

PKA Genetic, positional PKA GFP-NLS-NES Cellular assay [68]

GPCR Genetic, positional GPCR GFP Cellular assay [70]

PPIB Genetic, positional P53/hDM2 0.64 GFP-NLS-p53/ High content screen for protein/ [71]
mRFP-NLS-NES-hDM2 protein interaction inhibitors

EGFRB Genetic, positional EGFR 0.56 GFP-EGFR High content screen for [72]
modulators of EGFR function

AKAR 2 Genetic, FRET PKA <0.5 FRET couple of AFPs HTS [29]

AKAR 3 Genetic, FRET PKA 0.84 FRET couple of AFPs HTS [29]

Pickles Genetic, FRET Bcr-Abl FRET couple of AFPs Proposed for HTS / HCS [74, 75]

C3 Genetic, FRET Caspase 3 0.87 FRET couple of AFPs HTS performed to identify [101]
anticancer compounds from 
Chinese medicine

Kinase Environmentally- Akt, MK2, SOX (sulfonamide Validation for multiplex [77]
Chemosensors sensitive PKA oxine) screening using cell extracts

Sox Chemosensor Environmentally- Serine/ SOX (sulfonamide Proposed for HTS [78]
sensitive threonine oxine)

PKs

ERK1/2 Environmentally- ERK1/2 SOX (sulfonamide Proposed for HTS using [79]
chemosensor sensitive oxine) cell extracts

p38α Environmentally- p38 alpha SOX (sulfonamide Proposed for HTS [80]
chemosensor sensitive oxine)

Bcr-Abl & Lyn Environmentally- Bcr-Abl & Lyn Proposed for HTS [81]
Biosensors sensitive

DFG Biosensor FLIK P38a Acrylodan Validation with focused library [82]
of pyrazolourea derivatives

DFG Biosensor FLIK P38a Acrylodan HTS performed on [83]
35 000 compounds

P-loop Biosensor FLIK P38a Acrylodan Validation with library of DFG-in [84]
or -out conformation ligands

MAPK Insert FLIK P38a >0.7 Acrylodan Validation with library of [86]
Biosensor 2-arylquinalozines

DFG Biosensor FLIK cSrc Acrylodan [85]

Myristate Pocket FLIK Abl >0.84 Acrylodan Amenable to HTS [88]
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Small synthetic probes may be selected based on a
rational choice, or through a diversity-oriented approach
using a fluorescent dye library. Fluorescent dyes that
respond to different conformations or to biologically rele-
vant changes constitute useful probes. In this respect,
combinatorial chemistry and high throughput screening
have allowed to generate optimized versions of biosen-
sors by profiling changes in their fluorescence spectra
upon recognition of their target or its activity. The dynam-
ic range of signals may be improved by replacing a fluo-
rescent probe by another and modulating its position
[32–34].

1.2.3  False positives and hit validation
When screening for small molecule compounds in fluores-
cence based assays, it is important to keep in mind that
their heterocyclic nature and associated intrinsic fluores-
cence may contribute significantly to the assay signals if
they overlap with the spectral properties of the biosensor.
Therefore it is always important to perform a screen of the
compounds themselves, to verify whether they exhibit
autofluorescence at the wavelength predefined to monitor
biosensor fluorescence in the assay. Moreover, to ensure
that compounds are not interfering with signals from the
assay itself, it is often wise to retest hits in an alternative
assay, or with a different set of fluorescent probes.

1.2.4  Cell-based and image-based screens
Cell-based assays offer the advantage that the target is
within its natural environment rather than in a purified
and isolated form in buffer. However there are several
drawbacks to cell-based assays due to the complexity of
the system, including variability, which can be minimized
to a certain extent by using stable cell lines, artefacts
related to toxicity of certain compounds, and interfer-
ences due to off-target hits that inhibit activities unrelat-
ed to the target.

High throughput screens based on imaging have a
level of complexity that requires appropriate programs for
analysis of data. The development of light microscope
imaging technologies, together with multiparametric
acquisition and analysis software lead to the development
of high content screening, first introduced in 1997, in
which the performance of high throughput screening of
spectral emission intensity readouts is combined with the
acquisition of quantitative imaging data concerning cel-
lular morphology. High content screening therefore allows
to analyze large numbers of cells in an automated fashion
with subcellular resolution, combining screening of bio-
logical activities with acquisition of phenotypic features
[15–20]. Moreover, thanks to advances in multiphoton
imaging technologies which improve the depth of pene-
tration and minimize photodamage, high throughput
image-based screens have also become widely applicable
to tissues and organisms, such as zebrafish, nematode, or
thale cress [35–38].

1.2.5  Multiplex, multicolor, and multiparameter
screens

Multiplex screening with fluorescent biosensors involves
the use of different sets of fluorescent probes, whose
spectral properties are sufficiently distinct, to allow the
discrimination of fluorescent signals related to different
biosensors. The development of imaging systems that
allow the acquisition of multispectral data sets has
allowed researchers to devise assays in which the behav-
ior of several targets can be monitored by combining the
simultaneous use of several biosensors [21–23]. Although
multiparametric imaging remains challenging, it is par-
ticularly informative in drug discovery programs, as it
allows researchers to gain information on the specificity
of pharmacological inhibitors, to characterize differences
in potency and inhibitory kinetics, and to identify off-tar-
get effects. Indeed, acquisition of phenotypic information
and cytotoxicity profiles together with target-specific
information, thanks to the use of a fluorescent biosensor,
will allow researchers to distinguish inhibitors that inter-
fere directly with the target of interest from drugs with
inhibitory potential that are completely unrelated or have
an indirect influence on target function. Moreover, the
combination of several fluorescent biosensors that report
on closely related yet distinct targets in the same assay
enables identification of target-specific and selective hits.
Multispectral imaging modalities are also becoming
increasingly used in preclinical studies in animal models,
to image disease and therapeutic response in vivo. More-
over, new generations of molecular imaging probes that
combine several imaging modalities based on the elec-
tromagnetic properties of different wavelengths, multi-
functional or multiplexed characteristics are being devel-
oped, thereby offering promising perspectives for diag-
nostics and drug discovery programmes [39].

2  Protein kinases – therapeutic targets 
in disease

2.1  Protein kinases in disease

Protein kinases are central to regulation of most sig-
nalling pathways and biological processes [40, 41] and
constitute one of the major, yet most challenging, class-
es of therapeutic targets for drug discovery programs,
due to their implication in disease. Whereas in healthy
cells, kinase activity is generally tightly controlled both
spatially and temporally, in pathological conditions they
are found to be overexpressed and/or subject to muta-
tions that directly perturb their function, thereby wreak-
ing havoc in cellular homeostasis [42–44]. As such,
 protein kinase dysregulation has been documented in
cardiovascular diseases, neurodegenerative and endo -
crinological disorders, immune deficiency and viral
infection, cancer and diabetes.
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particular in the field of cancer. Thanks to major advances
in structure-guided design of protein kinase inhibitors,
some 20 drugs have been successfully developed and
approved for clinical use over the past decade, including
Gleevec/Imatinib, and hundreds more are undergoing
clinical trials [44, 53]. This being said, developing potent
and specific protein kinase inhibitors still remains a chal-
lenge, and lack of efficacy, limited selectivity, and the
emergence of acquired drug resistance still represent
major bottlenecks [44, 53].

One of the major strategies developed so far has con-
sisted in targeting the ATP-binding pocket of kinases so
as to interfere with catalytic activity by competing with
ATP binding. ATP binds a conserved pocket in the N-ter-
minal lobe of CDK2 kinase where the adenine moiety
forms hydrogen bonds with the hinge region of the
kinase, just above the ATP-binding site, whilst the beta
and gamma phosphates are coordinated by ionic and
hydrogen interactions with Mg2+ or Mb2+ ions, the Asp
chain of the conserved DFG motif at one extremity of the
activation segment and the glycine-rich loop positioned
above the ATP-binding cleft [54] (see Fig. 3A and B). The
vast majority of small molecule kinase inhibitors target
this highly conserved ATP-binding pocket by forming
hydrogen bonds with the hinge region, and consequently

The 518 protein kinases of the human genome present
very similar structural folds, yet display a high degree of
structural plasticity [45–48]. Furthermore, the mecha-
nisms that regulate substrate binding and kinase activity
vary largely from one kinase to another, conditioned by
posttranslational modifications, as well as binding to
cofactors and regulatory subunits which affect their con-
formation [49–52]. Overall, protein kinase activation is
associated with a net conformational change of the acti-
vation loop, thereby providing an accessible binding site
for the substrate [47–51] (Fig. 3).

2.2  Targeting protein kinases

Although several protein kinases constitute established
biomarkers in human diseases, they have not always been
considered attractive and druggable pharmacological tar-
gets. Indeed, 20 years ago they were considered too diffi-
cult to target, given their conserved structural features
and in particular the similarities of their ATP-binding
pocket, which made it seem impossible to design com-
pounds with sufficient specificity to inhibit a single pro-
tein kinase amongst the 518 encoded by the human
genome. Over the past 15 years however, protein kinases
have become one of the major classes of drug targets in
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Figure 3. Strategies for targeting protein kinases. (A) Protein kinases display very similar structural folds consisting of two lobes, an N-terminal lobe that
harbors an ATP-binding pocket, and a C-terminal lobe. The catalytic cleft where the substrate binds and the phosphotransfer reaction occurs lies between
these two lobes. The structure of PKA and of CDK2 (PDB 1B38) are in gray, ATP and the Gly-rich loop in black. (B) ATP binds a conserved pocket in the
Nterminal lobe of CDK2 kinase where it forms hydrogen bonds with the hinge region just above the ATP-binding site (left panel) and interacts with the Asp
side chain of the conserved DFG motif (right panel). CDK2 is in gray – ATP is in black – the Gly-Rich loop is in black. (C) Cartoon of the different strategies
devised to inhibit protein kinases: Type I inhibitors that bind the hinge region, and compete with ATP binding; Type II inhibitors bind the hinge region,
compete with ATP, and extend deep into a proximal allosteric site; Type III inhibitors bind exclusively within an allosteric pocket masked by the DFG loop
thereby maintaining the kinase in an inactive state; Type IV inhibitors bind an allosteric pocket remote from the ATP pocket thereby affecting conformation-
al transitions associated with kinase activation; additional strategies involve targeting critical protein/protein interactions-PPI Inhibitors.
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exhibit poor specificity [55]. Considering that the ATP-
binding pocket of the 518 kinases in the human genome
is highly conserved and that several other cellular
enzymes also bind ATP, it rapidly became obvious that
targeting the ATP-binding pocket was not a good strate-
gy, and alternative targeting sites were sought to over-
come limited selectivity and drug resistance, including
interfering with substrate recognition or targeting essen-
tial protein/protein interactions [53]. More recent efforts,
expected to yield inhibitors with superior selectivity pro-
files have focused on the design of inhibitors that bind
inactive kinase conformations and allosteric sites [53, 56,
57] (Fig. 3). One strategy has consisted in targeting sites
outside the ATP-binding pocket, for example compounds
that bind hydrophobic pockets close to the ATP binding
site which are unique to a particular protein kinase. An
alternative strategy involves targeting sites which are
remote from the ATP-pocket, so as to stabilize enzymati-
cally inactive conformations, or interfere with conforma-
tional transitions, so as to prevent kinase activation. For
example, targeting the “DFG-out” conformation of protein
kinases through an unconserved allosteric site adjacent to
the ATP-binding site which becomes exposed as a result
of a conformational change of the activation segment [58,
59].

Since allosteric modulators target essential regulatory
features and bind sites that are barely conserved across
the kinome and which are accessible in specific confor-
mations only, they are expected to become leads for
 development of potent and selective drugs. However, so
far they have proven extremely difficult to identify in high

throughput screens, due to an overall lack of tools for their
selection.

3  Screening for protein kinase inhibitors 
in HTS/HCS assays

Several strategies have been developed for high through-
put screening of chemical compound libraries in view of
identifying novel inhibitors of protein kinases [15–17,
29–31]. The first of these were essentially based on con-
ventional activity-based assays relying on radioactive or
antigenic approaches to measure and quantify perturba-
tions in substrate phosphorylation, such as gel-based
assays, filter-binding assays, and enzyme-linked immuno -
absorbant assays (ELISA). However these approaches
were limited to in vitro assays using enzymatically active
kinases, required laborious and time-consuming postre-
action treatment steps and essentially yielded inhibitors
that bind the ATP-binding pocket or compete with sub-
strate binding. To replace these assays, several fluores-
cence-based approaches, which are straightforward
“mix-and-measure” and homogeneous, have been devel-
oped for high throughput screening formats, including
scintillation proximity, FRET, and fluorescence polariza-
tion, luminescence and alphascreen assays [30, 31]. The
development of fluorescent biosensors that report on pro-
tein kinase activity has also provided a new source of
technologies for high throughput screening formats, and
high content screening assays [60–67]. Four classes of flu-
orescent biosensors have been developed for HTS/HCS
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Figure 4. Fluorescent Biosensors for high throughput screening assays. Four types of fluorescent biosensors have been developed for HTS/HCS applica-
tions. (A) Positional Biosensors convey information on the activity of the target through changes in their subcellular localization. (B) FRET-based biosen-
sors are genetically-encoded single-chain biosensors that report on target activity through changes in fluorescence transfer between a FRET pair, whose
proximity varies in response to target activity. (C) Environmentally-sensitive biosensors report on changes in target activity through changes in fluores-
cence intensity or wavelength emission. (D) FLiK (fluorescent labels in kinases)-based approach involves direct incorporation of fluorescent probes into
kinase scaffolds, thereby yielding conformation-selective sensors.
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applications – positional, genetically-encoded FRET
biosensors, environmentally-sensitive biosensors and
FLiK (Fluorescent Labels in Kinases). Figure 4 provides a
schematic illustration of these different biosensors and
Table 2 reports on the pros and cons of these tools and
technologies.

3.1  Positional biosensors

These biosensors convey information on the activity/inhi-
bition of the target through changes in their subcellular
localization (Fig.  4A). More generally speaking, these
biosensors are genetic fusions of an AFP that bear a sub-
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Table 2. Pros and cons of different classes of biosensors

Class of biosensor Positional biosensors FRET-based biosensors Environmentally sensitive FLiK – fluorescent labels 
biosensors in kinases

Nature

Mechanism

Pros

Cons

Examples and
references

Genetic fusions of an
AFP that bear a subcellu-
lar localization sequence
(generally NLS or NES),
exposure of which is
modulated in response 
to target activity.

Convey information on
the activity/inhibition 
of the target through
changes in their sub -
cellular localization

Easy to engineer and
transfect; application in
cellulo

Require a mechanism
that promotes or dis-
rupts shuttling between
cytoplasm and nucleus;
large size – essentially
due to the size of the
 autofluorescent proteins;
ectopic expression
required; stable transfec-
tion preferred for screen-
ing assays

PKA, Caspase,
p53/hDM2 interaction,
GPCR, EGFR [68–72]

Genetic constructs that
encode a couple of AFPs
separated by a substrate
sequence and a comple-
mentary interacting mod-
ule, specifically a phos-
phoamino acid binding
domain in the case of
kinase activity biosensors

Report on kinase activity
through changes in FRET
efficiency between a cou-
ple of AFPs

Easy to engineer and
transfect; application in
cellulo

Large size – essentially
due to the size of the
 autofluorescent proteins;
ectopic expression
required ; lack of control
over expression levels
and timing; heteroge-
neous expression in a
population of cells; stable
transfection preferred for
screening assays

AKAR and Bcr-Abl 
[29, 64, 74, 75]

Peptide substrate
sequences or protein
domains that bind a
select analyte or interface
and which serve as plat-
forms for site-selective
coupling of one or more
fluorescent probe(s)

Report on changes in
kinase activity through
changes in fluorescence
intensity or emission
wavelength of a probe
conjugated to the biosen-
sor receptor moiety

Versatility in design and
engineering; choice of
the nature and position
of incorporation of the
fluorescent probe; allow
for controlled use (no
variation in expression
levels / no time required
for maturation); applica-
tion in vitro, in cell
extracts and in cellulo

Require facilitated deliv-
ery approaches for their
application in living cells
or in vivo; require homo-
geneous and efficient
delivery for cellular
screening applications

Akt, MK2, PKA, ERK1, 2,
p38a, Ser/Thr PKs
[77–80]

Direct incorporation of fluores-
cent dyes into specific positions
of the kinase scaffold

Fluorescent kinase derivatives
which can sense and report on
ligands that bind and induce
specific active or inactive con-
formational states

Easily applicable to HTS assays
in vitro – conformation-selec-
tive kinase sensors – offer
means of screening for
allosteric inhibitors

Not applicable to cell-or image-
based assays

MAPK, Src, Abl [82–88]
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cellular localization sequence (generally NLS or NES),
exposure of which is modulated in response to target
activity. Positional biosensors thereby provide a very easy
readout of activity profiles and are particularly well suited
to high content image-based cellular screens [68, 69]. For
example, positional biosensors of protease activity have
been designed so as to remain tethered to the cytoskele-
ton until protease activation induces proteolytic cleavage,
thereby releasing an NLS-tagged AFP, which translocates
to the nucleus [68]. A positional biosensor of PKA activity
was designed as a GFP fusion incorporating an NES, and
an NLS, adjacent to a binding domain that recognizes the
catalytic subunit of PKA. Upon cellular activation of PKA
dissociation of the inhibitory regulatory subunit releases
the catalytic subunit which binds the biosensor binding
domain, thereby masking the NLS and favoring nuclear
export of the GFP-tagged biosensor [68]. A GFP-tagged
positional biosensor of G-protein coupled receptors was
developed through incorporation of an NLS within the
GPCR structure, to identify ligand-induced conformation-
al changes that prevented nuclear translocation [70]. A
positional biosensor system was developed and imple-
mented to identify disruptors of the interaction between
hDM2 and p53 thanks to expression of a GFP-NLS-p53
and an mRFP-NLS-NES-hDM2 construct [71]. A biosensor
based on expression of a GFP-tagged cytosolic, soluble
version of EGFR was developed to screen for modulators
of its function, which prevent its aggregation and forma-
tion of visible granules upon EGF stimulation [72].

3.2  FRET-based biosensors

FRET-based biosensors are essentially genetically-encod-
ed single-chain biosensors that report on target activity
through changes in FRET efficiency between a couple of
AFPs which are separated by a substrate sequence and a
complementary interacting module, specifically a phos-
phoamino acid binding domain (PAABD) in the case of
kinase activity biosensors. Upon phosphorylation of the
substrate sequence, the PAABD interacts with the phos-
phosubstrate, thereby inducing a major conformational
change of the biosensor and consequently bringing
together the FRET pair of AFPs [64, 66] (Fig. 4B). Fluores-
cence energy transfer between AFPs promotes an increase
in fluorescence intensity and lifetime of the acceptor AFP
together with a decrease in intensity and in lifetime of the
donor. As for positional biosensors, these biosensors are
easy to transfect and to engineer, but depend on the
ectopic expression and maturation of the plasmid con-
struct. This may consequently lead to heterogeneous
expression levels within a field of cells. Therefore applica-
tion of this type of biosensor to high throughput screening
formats requires establishment of stable cell lines.

Cyclic-AMP-dependent protein kinase (PKA) is
involved in a wide variety of essential biological process-
es and signalling pathways, including gene expression,

metabolism, cell growth, and cell proliferation [73]. In
order to probe the activity of this kinase, AKAR biosen-
sors were developed and successfully applied in different
settings [29, 64].

Bcr–Abl is a chimeric oncogenic non-receptor tyro-
sine-kinase generated from the formation of the Philadel-
phia chromosome via the fusion between Abelson (Abl)
and Breakpoint cluster (Bcr) genes, which is implicated in
the pathogenesis of chronic myelogenous leukemia
(CML). In order to probe the activity of Bcr-Abl in living
cells, genetically-encoded FRET biosensors Picchu and
Pickles were developed, based on CrkII and CrkL-derived
substrates placed between a YFP/CFP and Venus/ECFP
couple, respectively [74, 75]. These have been successful-
ly applied to probe Bcr-Abl activity in cells from CML
patients and have further been used to monitor response
to first and second generation therapeutics, to evaluate
kinase inhibitor efficacy and emergence of resistance
[74–76]. Bcr-Abl FRET biosensors are much more sensi-
tive than classical antibody-based approaches to study
the potency of inhibitors in living cells, and therefore con-
stitute potent tools for high throughput screening assays.

3.3  Environmentally-sensitive biosensors

Environmentally-sensitive biosensors report on changes
in kinase activity through changes in fluorescence inten-
sity or emission wavelength of a probe conjugated to the
biosensor receptor moiety (Fig. 4C). Environmentally-sen-
sitive biosensors have been essentially engineered from
peptide/protein or polymeric scaffolds which are coupled
to synthetic dyes whose fluorescence is sensitive to their
environment. Peptide and protein biosensors are designed
by exploiting peptide substrate sequences or protein
domains that bind a select analyte or interface and which
serve as platforms for site-selective coupling of one or
more fluorescent probe(s). These non-genetic biosensors
are based on the principle of solvatochromism: changes in
the environment of the fluorescent probe, associated with
detection of the target or its activity, have a direct conse-
quence on its photophysical properties, namely intensity,
life-time, emission wavelength, associated with changes
in local solvent polarity which affects the energetic gap
between ground and excited states of the fluorophore [5].
Hence environmentally-sensitive probes can report on
switches between active/inactive conformations, binding
events which expose or bury a probe and intramolecular
conformational changes and interactions within a biosen-
sor scaffold.

Peptide and protein biosensors constitute tools of
choice for probing enzymes, biomarkers or analytes due
to their modularity and versatility both in their design and
in their applicability. They allow for incorporation of the
fluorescent probe of choice, the choice of position of the
labelling site within the sensing domain, so as to yield
optimal response to changes in its molecular environ-
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ment. They further allow for controlled use (no variation in
expression levels/time/maturation) but require facilitated
delivery approaches for their application in living cells or
in vivo. These features make non-genetic, environmen-
tally-sensitive peptide biosensors very attractive for high
throughput screening assays and several examples have
already been applied successfully. Peptide biosensors
based on chelation-enhanced fluorescence (CHEF) of
SOX (sulfonamide-oxine) dyes coupled proximal to the
phosphorylation site have been readily applied to probe
ERK and MAPK activities in fluorescence-based assays
and HTS formats using cell lysates [77–80].

Wang et al. developed fluorescent peptide biosensors
that are enzymatically and photophysically distinct,
allowing to simultaneously monitor Bcr-Abl and Lyn tyro-
sine kinase activity through multicolor imaging. This
combination of orthogonal probes allowed to assess dif-
ferences in Lyn and Abl kinase activities in CML cell lines
that are sensitive to imatinib or which develop resistance
to this drug [81].

3.4  New tools for old targets – 
fluorescent labels in kinases

As an alternative to strategies that provide a direct read-
out of kinase activity, based on substrate phosphorylation,
which classically lead to an enrichment of ATP competi-
tive inhibitors in high throughput screens, a fluorescence-
based approach based on conformational changes
between active and inactive forms of protein kinases has
been developed and successfully applied to select for
inhibitors that bind inactive conformations or intermedi-
ate transitional states, rather than ATP competitive
inhibitors. This approach known as FLiK, for Fluorescent
Labels in Kinases, relies on the direct incorporation of flu-
orescent dyes into specific positions of the kinase scaf-
fold, thereby generating fluorescent kinase derivatives
which can sense and report on ligands that bind and
induce specific active or inactive conformational states
[82–88] (Fig.  4D). These tools constitute conformation-
selective kinase sensors which offer an original means of
screening for allosteric inhibitors. FLiK assays are well
suited for direct application to high throughput fluores-
cence binding assays in view of identifying ligands that
bind and/or stabilize specific kinase conformations and
have been successfully applied to screen for inhibitors of
p38α MAPK, Src and Abl [82–88].

Most ATP-competitive inhibitors bind the active “DFG-
in” conformation of protein kinases in which the regulato-
ry activation loop is open and extended so as to allow sub-
strate and ATP binding [54, 55]. Since the activation loop
and the glycine-rich loop of protein kinases are dynamic
segments subject to crosstalk, fluorophore labelling of the
activation loop or of the glycine-rich loop of the serine/thre-
onine p38alpha mitogen-activated protein kinase (MAPK)
with acrylodan have enabled develop assays for identifying

compounds that induce conformational changes, and in
particular inhibitors that bind and stabilize the enzymati-
cally incompetent “DFG-out” conformation [82–84]. This
assay was also successfully developed to identify allosteric
inhibitors that stabilize the inactive “DFG-out” conforma-
tion of tyrosine kinase cSrc [85]. A similar strategy was
applied to identify allosteric inhibitors that bind the myris-
tate pocket of Abl tyrosine kinase [88].

Cyclin-dependent kinases (CDK/Cyclins) form a family
of heterodimeric kinases whose function is essential to
drive cell cycle progression in a timely and controlled fash-
ion [89]. Constitutive or deregulated hyperactivity of these
kinases, associated with their overexpression, amplifica-
tion, or mutation has been shown to contribute to prolifer-
ation of cancer cells [90]. As such these kinases constitute
biomarkers of proliferation as well as attractive pharmaco-
logical targets for the development of anticancer drugs
and a wide variety of ATP-competitive inhibitors of CDKs
have been identified from natural substances, in high
throughput screening assays, or through structure-guided
approaches [91–95]. Alternative strategies have been
explored to inhibit CDK/Cyclin function, including inter-
fering with substrate recognition, or targeting essential
protein/protein interfaces and/or residues required for
structural organization [96–99]. More recently fluorescent-
based approaches have been devised in an attempt to
identify novel allosteric inhibitors of these kinases. An
assay based on displacement of 8-anilino-1-naphthalene
sulfonate (ANS) fluorophore from an allosteric pocket adja-
cent to the ATP-binding site of CDK2 was implemented to
screen for novel CDK inhibitors [100]. So far, no allosteric
inhibitors that target the activation loop of CDKs have
been designed or identified in screens. However tamper-
ing with T-loop dynamics would provide an original and
selective means of preventing conformational activation of
these kinases. To this aim, our own group has developed a
biosensor that reports on conformational changes of the
activation segment of CDK2 associated with its activation,
but which is insensitive to ATP-pocket ligands. We have
further applied this technology to screen a library of small
chemical compounds for inhibitors that interfere with the
conformational activation of this kinase, and have suc-
cessfully identified a family of structural analogs that dock
across the T-loop, consequently preventing access to the
substrate, and which constitute potent inhibitors of can-
cer cell proliferation (unpublished data).

4  Concluding remarks

Fluorescent biosensors constitute sensitive tools for bio-
marker detection and can be expected to serve for devel-
opment of quantification strategies and diagnostic strate-
gies – to improve early cancer detection, and to provide
better means of determining cancer origin, stage, and
grade. Moreover, sensing technologies provide a opportu-
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nity to monitor disease progression, as well as therapeu-
tic response and benefit, thereby paving the way for per-
sonalized diagnostics.

Fluorescent biosensors also constitute powerful tools
for drug discovery purposes, from early stage primary
HTS/HCS assays and throughout the drug discovery
pipeline. They allow for postscreen characterization and
kinetic profiling of inhibitors, and are useful tools for opti-
mization of lead compounds, and preclinical evaluation of
drug candidates therapeutics.

The design or identification of selective inhibitors of
protein kinase function remains a major challenge in
chemical biology and medicinal chemistry. One of the
issues at the forefront of kinase inhibitor research cur-
rently consists in identifying ligands which bind to sites
which are distinct from ATP-pockets, and targeting non-
catalytic functions of protein kinases. Allosteric inhibitors
and compounds that interfere with critical protein/pro-
tein interactions are thought to constitute promising
strategies to overcome limited selectivity and emergence
of drug resistance. To this aim, new generation technolo-
gies with high sensitivity and specificity are needed, and
the development of different types of fluorescent biosen-
sors offer new avenues for exploration and promising per-
spectives for drug discovery programmes.

Last but not least, beyond their diagnostic function,
fluorescent biosensors can be expected to contribute to
cancer theranostics. The combination of molecular imag-
ing approaches with targeting strategies would provide a
means of coupling biomarker detection with tailored ther-
apeutic intervention, the efficiency of which could in turn
be determined by monitoring response to treatment. 
A remaining challenge will then concern the in vivo appli-
cation of fluorescent biosensors for molecular imaging
and theragnostics.
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