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Abstract 

Post-translational modifications (PTMs) of proteins are essential mechanisms for virtually all 

dynamic processes within cellular signaling networks. Genetically encoded reporters based on 

fluorescent proteins (FPs) are powerful tools for spatiotemporal visualization of cellular 

parameters. Consequently, commonly used modular biosensor designs have been adapted to 

generate several protein-based indicators for monitoring various PTMs or the activity of 

corresponding enzymes in living cells, providing new biological insights into dynamics and 

regulatory functions of individual PTMs. In this review, we describe the application of general 

design strategies focusing on PTMs and discuss important considerations for engineering 

feasible indicators depending on the purpose. Moreover, we present developments and 

enhancements of PTM biosensors from selected studies and give an outlook on future 

perspectives of this versatile approach. 
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Introduction 

Enzymatically controlled chemical modifications of proteins, commonly referred to as post-

translational modifications (PTMs), assume a crucial role within cell physiology, being essential 

for almost all dynamic processes within living cells. Since the primary structure of a protein is 

ultimately determined by the encoding messenger RNA during protein synthesis, chemical 

modification after translation is a required and therefore ubiquitous mechanism for an organism 

to expand its proteome further.
1
 The most common covalent PTMs occurring in cells are the 

cleavage of the protein backbone, phosphorylation, acetylation, glycosylation, methylation, and 

ubiquitylation. The corresponding chemical reactions, whose reversibility is determined by the 

chemical nature of the involved reactants and the availability of appropriate enzymes in the 

cellular context, cause changes of protein surface and structure. This can result in gain or loss of 

enzymatic activity, generation or alteration of protein interaction sites, and changes of 

subcellular localization, overall mechanisms that are particularly necessary for complex cellular 

signaling networks.
2
 

Because of the general importance of PTMs for cellular processes, great effort has been put into 

identifying PTMs and investigating their regulation of protein function and role in signaling. 

These tasks have been proved to be challenging, since most PTMs are transient, present in low 

abundance, and highly dependent on the state of related signaling pathways. Consequently, 

proteomic approaches have constantly been developed and improved to identify and 

characterize modified proteins, currently mainly focusing on investigating combinatorial PTM 

patterns.
3
 

A widely-applied strategy to monitor dynamic cellular processes temporally- and spatially-

resolved in living cells is the use of genetically encodable biosensors based on fluorescent 

proteins (FPs). This approach offers many advantages, as the cellular translational machinery is 

utilized to synthesize and target these probes in situ continuously, no exogenous factors are 

required for chromophore formation, and FPs as a main component are intensively studied and 

constantly refined by researchers.
4
 Furthermore, these biosensors typically incorporate proteins 

or particular domains that are genuinely involved in signaling processes, naturally evolved to 

sense and mediate distinct cellular responses precisely within the physiological range. Although 

the protein-based sensors described so far have been designed to observe several processes 

and interactions, basic design concepts have been demonstrated to be generally applicable. A 
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large number of biosensors rely on Förster resonance energy transfer (FRET), a physical effect 

that allows the nonradiative transfer of energy between a donor and an acceptor chromophore 

within a nanometer range under certain conditions.
5
 In order to utilize FRET, a pair of 

fluorescent proteins capable of undergoing FRET is combined with a protein or protein domains, 

translating cellular events into changes of FRET efficiency.
6
 

Shortly after the initial cloning and characterization of the green fluorescent protein (GFP)
7
, and 

concurrent with the generation of improved and color-shifted derivatives of GFP suitable for 

FRET, the first sensor for a PTM, protein cleavage by a protease, was published, primarily as a 

proof of principle.
8
 Over the past years, many more FRET-sensors have been developed to 

investigate a broad range of PTM dynamics and successfully used to acquire new biological 

insights (Table 1). For methodological reasons, the activity of protein-modifying enzymes on a 

substrate-derived protein domain integrated into the sensor is usually measured rather than the 

modification state of endogenous proteins.
9
  

To illustrate recent developments and improvements of FRET-based biosensors for PTMs, this 

review introduces general design ideas for protein-based reporters, highlights selected 

examples of biosensor application and optimization, describes central corresponding biological 

insights provided, and illuminates possible future perspectives. 

General Design Strategies for FP-based PTM Indicators 

To date, hundreds of genetically encodable biosensors based on FPs have been published, 

utilizing over 50 different variants of FPs to monitor various types of dynamic processes in living 

cells.
6
 Despite this tremendous diversity, the strategies for designing these indicators are 

surprisingly similar. To engineer a custom protein-based reporter, the virtually universal design 

approach consists of creating two functional modules, a sensing and a reporting unit, and 

combining those components expediently (Figure 1). 

More specifically, the sensing unit comprises a molecular switch that consists of proteins, 

protein domains or peptides and responds to changes of a distinct cellular parameter by 

structural rearrangements that are transmitted to the reporting unit and converted to a 

fluorescent signal. For FRET-based biosensors, the reporting unit is normally a FRET-pair of FPs 

providing the FRET-efficiency as readout, which depends on the proximity within a range of 10 

nm and the orientation of the fluorophores to each other. Detecting FRET therefore has a lot of 

advantages compared to simply measuring changes or translocation of fluorescence, particularly 
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since molecular events at a nanometer scale, such as protein-protein interactions or 

conformational changes of proteins, can generally be monitored regardless of the optical 

resolution. In addition, ratiometric analysis of the donor and acceptor fluorescence offers higher 

quality imaging data due to a stronger robustness to artifacts. Aside from that, other FP-based 

biosensors have been developed containing only a single FP serving as reporting unit, utilizing FP 

variants whose fluorescence intensity is susceptible to variations in their molecular 

environment, like circularly permutated FPs.
10

 Accordingly, the readout of this type of biosensor 

is the fluorescence intensity. 

The design of the molecular switch can be based on the intrinsic property of a protein required 

to mediate its functional regulation in response to a signaling event. In case of PTMs, protein-

modifying enzymes or substrate proteins that undergo a conformational change upon a change 

of their activation or modification state, respectively, can serve to detect PTM dynamics. For 

instance, the termini of Protein Kinase B (PKB)/Akt, an enzyme that phosphorylates specific 

serine/threonine residues, have been labeled with a FRET pair of FPs for the purpose of 

generating a probe that indicates the activation and phosphorylation state of PKB/Akt
11

. In 

addition, chemical modification of several protein kinase substrates has been monitored 

exploiting single substrate protein domains as a detector flanked by FPs.
12, 13

 To overcome the 

limitation of relying on naturally occurring conformational changes, the sensing unit can be 

engineered, usually by combining a distinct substrate peptide and a protein domain that 

specifically recognizes the modified or non-modified substrate peptide with a flexible peptide 

linker in between. Modification of the substrate peptide then results in a gain or loss of 

interaction of the modules, constituting a modification-dependent switch. Advantageously, due 

to the functional role of PTMs, the definite existence of naturally occurring recognition domains 

for almost all PTMs can be presumed
14

 and many have already been explored.
15

 A whole class of 

biosensors reporting kinase activity is based on this modular scheme, containing a kinase 

substrate domain linked to a phosphoamino acid binding domain (PAABD) to detect kinase-

specific phosphorylation utilizing the evoked conformational change.
16

 Another optional 

component of a genetically encoded biosensor is a targeting sequence that localizes the probe 

to a cellular compartment, allowing spatially refined analyses of PTM dynamics. In this regard, 

diverse naturally occurring targeting motifs can be selected to be fused to sensor constructs 

directing them to distinct cellular locations, a widely used method in several research areas.
17
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Several topics have to be considered following the described general design approach to create 

a biosensor to report PTMs dynamics. First, an appropriate switch for the PTM under study has 

to be chosen. The most straightforward strategy appears to be the construction of a sensing 

element that directly interacts with the endogenous modified protein of interest;
18

 however, 

this approach has high demands in signal generation since it lacks any signal amplification and 

the generated response is strictly proportional to the extent of interaction. Furthermore, the 

sensing process inevitably impedes regulatory functions of the PTM at high interaction levels, 

interfering with signal propagation by competing with endogenous interaction partners. 

Consequently, the use of a molecular switch sensing the activation of the enzyme catalyzing the 

corresponding PTM reaction on a surrogate substrate peptide, either intrinsic or engineered as 

described above, is a more common approach. In this case, the preceding cellular events affect 

endogenous and probe molecules similarly, amplifying the transmission and limiting 

perturbation. However, the observable readout only indirectly reflects the modification state of 

endogenous proteins, and depending on the purpose of the analysis and whether available 

intrinsic switches are feasible, it must be decided which variant is more conducive. 

A crucial decision for biosensor generation is whether a unimolecular or a bimolecular design 

should be used. Unimolecular design strategies are usually favorable for most applications, 

providing a defined ratio between FRET donor and acceptor chromophores, ensuring sensitivity 

due to the proximity of all involved elements, and allowing reliable targeting. Nevertheless, 

some molecular switches effectively operate by the assembly or dissociation of proteins or 

protein domains, rendering the use of two separate components, each fused to a FP of a FRET 

pair, more feasible. While these bimolecular sensor systems require an adequate expression of 

both components to function properly, they potentially exhibit a higher dynamic range, defined 

as the maximum acquirable response, since the basal FRET is expected to be lower due to the 

spatial separation of the individual components. This approach has been used, for instance, to 

visualize phosphorylation of the epidermal growth factor receptor (EGFR), using an eCFP-labeled 

EGFR and an eYFP-tagged phosphotyrosine-binding domain (PTB) which specifically binds to 

phosphorylated EGFR.
19

 To overcome the challenge of stoichiometric expression, strategies such 

as the exploit of viral 2A peptides have been applied to generate self-cleaving polyproteins 

ideally resulting in equimolarly expressed sensor components.
20

 

While the dynamic range depends on the properties of all sensor components, the other 

characteristics of the sensor response on the macroscopic level - sensitivity range and sensing 
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kinetics - are primarily determined by the performance of the sensing unit, since the observable 

readout of FP-based biosensors simply indicates the extent of molecular switches actually 

detecting the PTM of interest. The feasibility of a quantitative interpretation of the response 

therefore depends on the properties of the sensing unit and represents a challenging task, as 

discrepancies may occur if the monitored parameter exceeds the sensitivity range or the sensing 

kinetics are significantly slower than the observed event. Moreover, as briefly mentioned above, 

it has to be taken into account that the introduction of a protein-based biosensor into the 

context of a living cell can interfere with cellular mechanisms and even distort the parameter 

under study, known as observer effect. Molecular switches derived from native proteins can 

participate in cellular pathways which may result in amplification or attenuation of subsequent 

signaling events; the sequestering of a target protein can slow down its turnover; and surrogate 

substrates buffer enzymatic activity, probably altering the occurrence of the corresponding 

cellular responses. The resulting deviation between readout and cellular response has recently 

been investigated using mathematical models, which show that the optimization of the 

molecular switch, particularly in terms of affinity of the recognition element for the target 

molecule, and the mathematical evaluation of the sensor response, minimize deviations and 

may permit quantitative analyses.
21

 

Application and Improvements 

Phosphorylation, the covalent addition of a phosphoryl group to the hydroxyl group of serine or 

threonine residues in eukaryotes, is catalyzed by kinases. The human kinase superfamily, termed 

the kinome, comprises over 500 members in humans, indicating the vast importance of this PTM 

for cellular signaling. Therefore, it is not surprising that a large number of the biosensors 

previously described were created to detect phosphorylation or corresponding enzyme activity 

of kinases and have continuously been developed further.
16

 The first genetically encoded FRET-

based sensor to visualize protein phosphorylation by protein kinase A (PKA), a kinase activity 

reporter 1 (AKAR1), for instance, contains the PAABD of 14-3-3τ linked to a consensus substrate 

for PKA, acting as a molecular switch that is sandwiched between CFP and YFP. This indicator 

has been used to study compartmentalized and dynamic modulation of PKA-driven 

phosphorylation.
22

 It has been improved over the last decade by replacing the sensing unit with 

the forkhead associated domain 1 (FHA1)-based PAABD, which exhibits a significantly lower 

affinity to substrate peptides than 14-3-3τ, and an adapted consensus substrate combined with 
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an optimized linker (AKAR2), resulting in better reversibility.
23

 Moreover, the FPs have been 

substituted several times with enhanced variants to increase the dynamic range, lately to 

Cerulean and circularly permutated (E172) Venus
24

 to generate AKAR4. Utilizing targeted 

versions of AKAR4, the specific PKA activity in lipid rafts and non-raft regions of the plasma 

membrane has been investigated, indicating that raft regions exhibit high basal PKA activity and 

cells respond with enhanced plasma membrane PKA activity after receptor-mediated 

stimulation upon raft disruption.
25

 Furthermore, this probe has been directed to cytosol and 

nucleus in order to spatially distinguish PKA-driven phosphorylation, supplying data to propose a 

new model for nuclear PKA dynamics.
26

 These experiments exemplarily prove that 

compartment-specific analysis of kinase-mediated phosphorylation, even on a submicroscopic 

level, is generally feasible using protein-based probes, and similar developments have occurred 

for analog sensor constructs detecting phosphorylation by other kinases.
27

 In this context, 

another interesting aim is the differentiation even between individual kinase isozymes. This has 

been accomplished for protein kinase C (PKC) δ by replacing the substrate peptide of the C 

kinase activity reporter (CKAR)
28

, structurally designed like AKAR, with a specific sequence 

laboriously derived from PKC δ-selective substrates. This probe, named δCKAR, has been 

targeted to diverse cellular locations, showing basal activity at the plasma membrane and, more 

importantly, that catalytic activity of PKC δ in the nucleus is controlled by Src family kinases.
29

 

Due to the similar modular structure of kinase sensors involving an engineered switch 

containing a surrogate substrate peptide, efforts have recently been made to generally optimize 

the backbone of these indicators. For this purpose, a flexible linker of 116 amino acids has been 

inserted between PAABD and kinase consensus substrate in order to reduce basal FRET by 

increasing the distance between the fluorophores in the non-modified (OFF) state. Moreover, 

the combination of the FPs ECFP and YPet or Turquoise-GL and Ypet, respectively, have been 

identified to provide the largest dynamic range among the tested biosensor variants containing 

the long flexible linker. This optimized backbone, named ‘Eevee’, has been used to adapt 

existing sensors and generate new probes.
30

 In summary, current kinase biosensors permit 

spatially resolved visualization of kinase-specific phosphorylation of proteins and benefit from 

ongoing progress that assures further refinement of this technique. 

Beyond phosphorylation, methylation, the attachment of a methyl group to the ammonium 

group of lysine or arginine residues, and N-acetylation, the addition of an acetyl group to the 

ammonium group of lysine residues, have been prominent targets for developing biosensors. 
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These modification types can predominantly be found in the nucleus, more precisely at histones, 

and play regulatory roles in DNA transcription, repair, replication and condensation.
31

 To 

visualize methylation of histone 3, for example, unimolecular FRET-based indicators have been 

generated to monitor the modification of lysines at positions 9 and 27, which both assume an 

important role in the regulation of transcriptional repression, X-inactivation, and cellular 

differentiation. Each sensing unit consists of a short peptide sequence derived from histone 3 

containing the lysine of interest, a flexible linker, and an appropriate methyllysine binding 

domain (bromodomain).
32

 Adapting the design of the H3K9 methylation sensor, a targeting 

motif for the chromosome centromere has been added and the FPs have been replaced with 

mCerulean and mVenus to create a methylation activity reporter at the centromere (MARC). 

MARC has been used to investigate the dynamics of H3K9 methylation by SUV39H1 

methyltransferase, which is an essential regulator during mitosis at the centromere, indicating 

that centromere methylation is coupled to Aurora B kinase activity and a gradient of 

methylation marks is generated and required for chromosome segregation in mitosis.
33

 

Moreover, the aforementioned probe for methylation of H3K27 served as a template for an 

optimization approach, where a new high-throughput method was developed to screen for 

sensor variants containing optimal linker combinations in colonies of E.Coli. By optimizing the 

linking sequences between the individual components, an enhanced sensor with an improved 

dynamic range, termed H3K27-MetBio3, has been identified.
34

 N-acetylation at histones has 

initially been visualized using bimolecular FRET-based biosensors by fusing CFP to 

bromodomain-containing proteins and YFP to members of different histone families. However, 

this has primarily been performed to determine the specificity of miscellaneous bromodomains 

in binding individual modified lysines.
35

 A protein-based FRET indicator for real-time monitoring 

of simultaneous acetylation of lysine 5 and 8 in histone 4, termed Histac, has been engineered 

subsequently, comprising the bromodomain region of the protein BRDT linked to the full histone 

4 protein, flanked by the FPs Venus and CFP. Histac has been exploited to investigate the role of 

histone 4 acetylation dynamics within the cell cycle, indicating a significant decrease during 

mitosis.
36, 37

 Although these examples illustrate the successful application of genetically encoded 

FRET-based biosensors to investigate the dynamics of histone methylation and acetylation, the 

accurate detection of subnuclear combinatorial modification patterns requires a high spatial 

resolution and multiparameter imaging that is not yet available.   
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In comparison to the aforementioned PTMs, FP-based indicators for other modifications have 

rarely been generated, although the published examples display the potential of this approach 

to provide new findings. O-Glycosylation, for instance, the attachment of the monosaccharide β-

O-N-acetyl-D-glucosamine (O-GlcNAc) to the hydroxyl group of serine and threonine residues, is 

known to be broadly involved in cellular signaling. A FRET biosensor has been designed based on 

the common unimolecular modular scheme, including GafD, a lectin from E. Coli, as recognition 

domain and a peptide sequence from caseine kinase II as a substrate.
38

 More recently, its 

dynamic range has been optimized, and this improved version has been targeted to nucleus, 

cytosol and plasma membrane compartments, showing spatially discrete dynamics upon serum-

stimulation, particularly a fast rise in O-Glycosylation activity in the nucleus and at distinct 

membrane patches.
39

 Only a few more PTMs have also been analyzed applying strategies 

comparable to the examples presented above, leaving much room for pioneers to introduce and 

enhance FP-based reporters for further PTMs. 

Discussion 

Since GFP was first used to label and track proteins in the context of a living cell, genetically 

encoded FP-based indicators have emerged to a powerful tool for spatiotemporal visualization 

of diverse cellular events. Consequently, a number of biosensors have been developed to 

monitor PTMs of proteins or the activity of the corresponding enzymes. These indicators have 

successfully been used to characterize the PTM-dependent regulation involved in complex 

signaling networks, and continuously improved to address new, more complex and detailed 

questions. In general, every step of development has provided new perspectives and 

accompanying issues, and in order to extend the feasibility of this technique for the research of 

PTM dynamics today, further refinements have to be attained. First, regulatory functions of 

PTMs are frequently mediated by combinatory patterns of distinct PTMs
14

, and their 

investigation requires visualization of multiple parameters. This can be accomplished by the 

simultaneous use of FRET-based probes, but exploiting several FRET pairs for multiplexed 

imaging poses a challenge, since the spectral overlap between the FPs impedes obtaining clearly 

distinguishable readouts. Therefore, strategies to reduce the number of involved fluorophores, 

like the use of a ‘shared’ donor or acceptor, newly developed single-fluorophore-based 

biosensors for PTMs or the combination of different imaging techniques would be beneficial.
63

 

Moreover, photoluminescent and water-soluble semiconductor quantum dots (QDs) might be 
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considered as an alternative to FPs in multiparameter imaging experiments, providing narrower 

excitation and emission spectra. There are many difficulties in using QDs for live cell imaging, 

and more research is necessary for QDs to become a feasible alternative to FPs, but issues of 

this method, in particular the efficient delivery into the cell, have recently been addressed by 

using specially treated polymer-coated QDs.
64

 Analogous to appropriate advances in mass 

spectroscopy
3
, the establishment of a widely usable concept for high-throughput methods for 

the analysis of PTM dynamics in living cells with FP-based reporters is highly desirable. In order 

to miniaturize individual experiments for this purpose, a high dynamic range of the biosensor 

and a low signal to noise ratio are required, and also the employment of a certain degree of 

quantitative analysis would be beneficial. Efforts in this direction have allowed for analyzing 

changes in phosphorylation in response to a variety of compounds
30, 65

, and further optimization 

and extension to other PTMs may allow screening for new functional links between cellular 

signaling pathways and the occurrence of PTMs. Beside these studies displaying prospective 

future directions, ongoing progress in FP enhancement, imaging techniques and data evaluation 

will ensure that FP-based biosensors remain a promising and versatile tool to investigate 

spatiotemporal PTM dynamics. 
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Figure 1. General design and operation of a FP-based biosensor. (A) Molecular toolbox for the 

generation of modular FP-based biosensors. A sensing unit comprised of an intrinsic or 

engineered molecular switch is combined with a FP-based reporting unit. Optionally, a targeting 

motif can be added. (B) Schematic example of the operation of a unimolecular FRET-based PTM 

sensor with an engineered molecular switch. The substrate peptide is modified resulting in a 

conformational change that increases FRET. (C) Representative schematic diagram of the 
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dependence of the readout on the PTM activity or state, respectively, for a FP-based PTM 

reporter, also illustrating the general properties of a biosensor. 
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Table 1 

Published FP-based biosensors for monitoring PTM dynamics  

Post-translational modification Name(s) References 

Acetylation   

 Histone 4 – K5 and K8 acetylation Histac 
36, 37

 

Cleavage of the protein backbone (enzyme specific)  

 Caspase-3 Caspase-3 activity sensor 
40

 

 Caspase-3 and Caspase-6 CFP-c3-YFP-c6-mRFP 
41

 

 Caspase-3 and Caspase-8 CYR83 
42

 

 MT1-MMP MT1-MMP sensor 
43

 

Glycosylation   

 β-O- GlcNAcylation O-GlcNAc sensor, OS2 
38, 39

 

Methylation   

 Histone 3 – K9 methylation K9 reporter, MARC 
32, 33

 

 Histone 3 – K27 methylation K27 reporter, H3K27-MetBio3 
32, 34

 

Phosphorylation (enzyme-specific)  

 Abl kinase Crk-based reporter 
44

 

 ATM kinase ATOMIC 
45

 

 Aurora B kinase Aurora B kinase sensor 
46

 

 Calcineurin CaNAR (indicates phosphatase activity) 
47

 

 CyclinB1-CDK1 CyclinB1-CDK1 sensor 
48

 

 EGFR autophosphorylation EGFR-eCFP/PTB-eYFP, FLAME 
19

 

 EGFR Picchu-Z, EGFR reporter, Crk-based reporter, 

ECaus 

44, 49, 50
 

 Extracellular signal regulated kinase EKAR, EKAREV, Erkus 
30, 51, 52

 

 Histone 3 – S28 phosphorylation Histone phosphorylation reporter 
53

 

 Insulin receptor kinase Phocus, Sinphos 
54, 55

 

 c-Jun N-terminal kinase (JNK) JNKAR1, JNKAR1EV 
30, 56

 

 Protein Kinase A (PKA) AKAR1-4, AKAR3EV 
22, 23, 25, 30

 

 Protein Kinase B (PKB/Akt) BKAR, AktAR, Aktus, Eevee-Akt 
30, 54, 57, 58

 

 Protein Kinase C (PKC) CKAR, KCP1, δCKAR, Eevee-PKCβ 
13, 28-30

 

 Protein Kinase D (PKD) DKAR 
59

 

 Receptor tyrosine kinases  Picchu, PicchuEV 
30, 60

 

 p90 ribosomal S6 kinase (RSK) Eevee-RSK 
30

 

 p70 ribosomal S6 kinase (S6K) Eevee-S6K 
30

 

 Src Src reporter, Srcus 
54, 61
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Ubiquitination   

 Polyubiquitination UbG76V-Dendra2 (based on a photoconvertible FP 

– does not conform with the standard design 

approach presented in this review) 

62
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