Dr May C Morris 
email: may.morris@umontpellier
  
  
  
A Toolbox of Fluorescent Peptide Biosensors to Highlight Protein Kinases in Complex Samples : focus on cyclin-dependent kinases
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Development of sensitive and selective strategies for detection of disease biomarkers constitutes a major challenge for diagnostics and companion assays. New strategies are required to advance personalized and point-of-care medicine. Protein kinases (PK) are hyperactivated in many human cancers thereby constituting relevant biomarkers and attractive pharmacological targets.Yet quantification of PK expression levels alone does not convey an accurate readout of their activity, since PKs are subject to numerous interactions and post-translational regulations. Hence technologies that report on PK function are essential for complete appreciation of their behaviour and dysregulation in physio-pathological settings. This review focuses on fluorescent peptide biosensors designed to report on PK activities, and in particular on a toolbox of biosensors tailored to monitor cyclin-dependent kinases. These selective optical probes offer a straightforward means of quantifying differences in kinase activities between healthy and cancer cells, and can report on alterations in response to therapeutics in vitro, in living cells and in vivo.

Introduction

Detection of disease biomarkers constitutes a major challenge for development of diagnostics and companion assays. A wide variety of genetic, antigenic and proteomic approaches have been implemented to detect and quantify biomarkers of interest, whose expression levels are affected in pathological contexts. However together with our growing understanding of the dynamic complexity of biological signalling pathways and their rewiring in disease, new technologies are required to obtain functional information which will further guide therapeutic intervention. In this respect, fluorescent biosensors constitute attractive and versatile tools that offer means of monitoring dynamic processes and in particular enzymatic activities in complex samples, thereby offering promises for biomedical and diagnostic applications. The intrinsic sensitivity of fluorescence is perfectly suited for detecting biomarkers of interest within living cells, and a large class of genetically-encoded fluorescent biosensors have been widely used to image biological processes with high spatial and temporal resolution [1][2][3][4][5][6][7] . A somewhat less popular yet growing class of synthetic biosensors, engineered through combination of peptides and synthetic fluorophores provides further means of detecting biomarkers ex vivo in complex samples with exquisite sensitivity and strong potential for diagnostic and biomedical applications [8][9][10][11][12][13][14][15][16][17][18] . Indeed, plasmids encoding genetically-encoded biosensors are routinely transfected into cultured cells through lipid-based or viral strategies, thereby enabling imaging studies following ectopic expression of the fluorescent protein biosensor. Synthetic biosensors require facilitated intracellular delivery, which can be mediated by a wide panel of available cellpenetrating peptides, or following conjugation to nanomaterialbased vectors, such as carbon nanotubes that readily penetrate mammalian cells [19][20][21][22] . Biosensor expression following transfection of plasmids may require some time (12-24h or more), unless stable transfectants are generated, and the concentration of biosensor expressed from plasmid constructs is not always well determined. In contrast, the concentration of synthetic peptides can be predetermined and quantified following cellular internalization, offering a better control of biosensor in a given experiment. Last but not least, synthetic biosensors can be readily implemented for ex vivo applications, for instance in cell extracts or human biopsies, whereas genetically-encoded biosensors have to be expressed and purified prior to in vitro application. It should also be noted that genetically-encoded biosensors are rather large proteins, in the 40-80kDa range, since they include one or two large autofluorescent proteins, whereas synthetic biosensors are much smaller, generally 1-3 kDa. lifetimes and narrow emission bands, and have been successfully employed for the development of several peptide biosensors, as described below. In summary, the ideal probe for biosensing applications should be red-shifted, exhibit large Stoke's shifts and be "silent" or "quenched" in the absence of its target, fluorescence emission being activated, unquenched or significantly enhanced upon target recognition, and exhibit a high quantum yield, brightness and photostability. Needless to say, the best choice offers a compromise between some, but never all of these features. Fluorescent dyes can be incorporated into peptide backbones through chemical, biochemical or enzymatic processes, including post-synthetic conjugation onto thiol or NHS groups, through semi-synthetic incorporation thanks to self-labelling protein tags (SNAP, CLIP, FlAsh), as fluorescent amino acids, or through sitespecific enzymatic incorporation thanks to fluorophore ligases [27,18] . 

Successful Examples of Peptide Biosensors

Peptide biosensors comme in all kinds of "shapes and sizes". A wide variety of synthetic and semi-synthetic fluorescent biosensors have been developed and different strategies have been implemented to improve and optimize their ability to recognize and respond to detection of their target in a selective and sensitive fashion. Several comprehensive reviews cover the diversity of biosensor designs [8][9][10][11][12][13][14] and specific examples will be described below and in section 3. In the simplest design an environmentally sensitive fluorophore will be conjugated onto a peptide scaffold that will simply emit fluorescence upon recognition of the active target (Figure 3A). In a second design, biosensor fluorescence will undergo sensitive changes upon target modification, for instance phosphorylation. This implies that the fluorophore is both sufficiently sensitive to addition of a phosphate group onto the peptide substrate, but also that it is positioned close enough to sense this posttranslational modification (Figure 3A). A third design involves binding of an extrinsic domain (peptide or protein) such as a phosphoamino acid binding domain (PAABD) that binds the phosphorylated peptide substrate, thereby altering the local environment of the fluorophore and consequently inducing changes in fluorescence emission. In the case of solvatochromic fluorophores this may also promote a shift in fluorescence emission (Figure 3A). Further biosensor designs comprising two fluorophores that may undergo fluorescence energy resonance transfer between the donor and the acceptor upon conformational change induced by target binding or postranslational modification such as phosphorylation, or conversely (Figure 3B). These designs may further be optimized by including a quencher group close to the fluorophore, such as an aromatic amino acid (tyrosine or tryptophan) or a pyrene group, which quench fluorescence until the biosensors are phosphorylated, thereby disrupting internal quenching, as will be described in section 3. (1) in response to target binding (2) or to addition of a phosphate group (3), to binding of a phospho-amino acid binding domain (PAABD) following phosphorylation (B) a peptide biosensor labelled with two fluorophores may undergo conformational changes that brings these fluorophores in close proximity following target binding or posttranslational modifications, enabling FRET between the donor and the acceptor.

The meroCBD biosensor of CDC42 developed by Klaus Hahn's group was derived from the CRIB domain of WASP, that specifically binds active CDC42, labelled with merocyanine dye, which is highly sensitive to changes in its environment. This biosensor was successfully implemented to image endogenous CDC42 activation dynamics in living cells following microinjection [35] (Figure 4A). Semi-synthetic SNAP-and CLIP-tag metabolite biosensors developed by Kai Johnsson's group incorporate two organic fluorophores, one donor and one acceptor of a FRET couple, fused to a metabolite bioreceptor protein, maintained in close proximity in the closed conformation, resulting in high FRET efficiency until metabolite binding displaces the intramolecular ligand yielding an open biosensor conformation with no FRET between donor and acceptor [36] (Figure 4B). Semi-synthetic biosensors dubbed LUCIDs for Luciferase Indicators of Drugs were developed by Kai Johnsson's group to monitor drugs present in plasma and/or urine. LUCIDs comprise a luciferase responsive element combined with a SNAP-tag labelled with Cy3 and a drug receptor. This biosensor adopts a closed conformation in the absence of drug, due to receptor binding of a drugmimicking ligand attached to the SNAP-tag, thereby enabling BRET between luciferase and cyanine.In the presence of drug, which displaces the ligand from the receptor, the biosensor adopts an open conformation, which disrupts BRET between the Cy3 dye and luciferase, luminescence of which becomes maximal [37] (Figure 4C). LUCIDs enable dose-dependent quantification of drug concentration and have been proposed for point-of-care therapeutic drug monitoring. 

Protein Kinases : cancer biomarkers and pharmacological targets of interest for biosensing applications

Protein Kinase Activities

Protein kinases (PK) form a large class of enzymes that phosphorylate protein substrates on Ser/Thr or Tyr residues and which are hyperactivated in many human cancers, thereby constituting relevant biomarkers and attractive pharmacological targets in oncology, with 75 FDA-approved drugs in 2021 [38][39][40][41] . Yet quantification of PK expression levels alone does not provide an accurate readout of their activity, since PKs are subject to posttranslational regulation as well as interactions with activating and inhibitory partners [42,43] . Despite the wealth of information gained from genetic, transcriptomic and proteomic characterization of PK signalling pathways over the past decade, technologies that report on their functional activities remain poorly developed for biomedical applications, thereby limiting our appreciation of their dysregulation in physio-pathological settings. Fluorescent biosensor technologies that can report on PK activity provide essential information, which enables us to gain insight into their role and regulation, broadening our understanding of their function and overall behaviour in response to trigger signals, drugs and disease.

Fluorescent Peptide Biosensor reporters kinases

Given the importance of phosphorylation in regulation of biological processes and signal transduction pathways, it is not surprising that a wide variety of kinase activity reporters have been designed and engineered for in vitro and imaging applications. David Lawrence's group pioneered the development of "self-reporting" and "deep quench" peptide biosensors [44][45][46] (Figure 5A). The former are based on the environmental sensitivity of organic fluorophores that respond to phosphorylation of a peptide substrate through binding of PAABDs, such as SH2 and 14-3-3 domains for tyrosine and serine/threonine kinases, respectively. The deep-quench strategy was tailored to design highly sensitive and responsive PKA biosensors, in which fluorescence emission is silenced by a quencher, but enhanced by phosphorylation which disrupts the interaction between fluorophore and quencher and further promotes binding of a PAABD.Using these technologies they further developed a multicolour Bcr-ABl and Lyn kinase biosensing strategy using peptide biosensors applied to cells from CML patients [47] (Figure 5A). B.Imperiali's group developed a smart and sensitive strategy based on chelation-enhanced fluorescence. A sulfonamido oxine (Sox) dye was introduced into peptide substrates to engineer biosensors that respond to phosphorylation through chelation of the Mg(II) ion involved in the reaction [48][49][50][51] . To further optimize recognition of the substrate moeity by specific kinases, her group developed a "recognition-domain focused" approach which enabled engineering of Sox-labelled substrate peptides with additional determinants that facilitate selective recognition of the biosensor onto the kinase of interest. Sox-biosensors for a wide variety of serine/threonine and tyrosine kinases (PKCs, Pim2, Akt1, MK2, PKA, IRK, Src, Abl) have been engineered and have further been implemented to multiplexed kinase assays in cell extracts. A highly selective ERK1/2 biosensor was further engineered through introduction of a docking domain derived from the Ets-1 transcription factor that is recognized by these kinases (Figure 5B). Luminescent reporters of phosphorylation based on chelation of lanthanides have been developed by several groups. N.J. Zondlo developed a kinase-inducible motif derived from an EF hand calcium-binding loop that binds metals, the structure of which is dependent on phosphorylation. When associated with recognition sequences for serine/threonine kinases PKA, PKC and ERK, or adapted for tyrosine kinases such as Abl, these biosensors complex Tb3+ and exhibit strong luminescence following phosphorylation by the cognate kinases [52,53] . Dalimor Sames group also developed phosphorylation-responsive lanthanide peptide conjugates, luminescence of which is enhanced through Tb3+ or Eu3+ binding following phosphorylation [54] .Laurie Parker's group developed several Tb3+-based tyrosine biosensors for Syk, ALK and Abl and further established a pipeline dubbed KINATEST-ID for phosphorylation-dependent Terbiumsensitizing kinase assays. This group further engineered a set of orthogonal biosensors of Lyn and Syk through conjugation of small fluorophores (fluorescein and Cy5) on the phosphotyrosine peptides, which were excited by Tb3+ luminescence. Timeresolved luminescence studies with these biosensors revealed their potential and further led this group to develop self-cell penetrating luminescent probes bearing the sequence of the cellpenetrating peptide TAT applied to fluorescence life-time imaging in cultured cells [55][56][57][58][59][60] . (Figure 5C). Another strategy of interest concerns the use of artificial Zn (II) dipicolylamine (Dpa) complexes for detection of phosphate anion derivatives [61] . Hamachi's group further designed a hybrid biosensor derived from the WW phosphoprotein binding domain of Pin1, coupled with a Zn (II) Dpa stilbazole chemosensor that selectively recognizes bis-phosphorylated over monophosporylated peptides or ATP, thanks to cooperative phosphate binding of the WW motif and of the Zn(II) Dpa [62] . 

Fluorescent Peptide Biosensor reporters of Cyclindependent kinases

Cyclin-dependent kinases (CDK/cyclins) play a central role in coordination of cell growth and division and participate in several essential biological processes. They are frequently hyperactivated in human cancer and constitute established biomarkers and attractive pharmacological targets for anticancer therapeutics [63][64][65][66][67][68][69][70][71][72] . In order to monitor CDK kinase activities in complex biological samples, such as cell extracts, tissue or tumour biopsies, we have developed a toolbox of fluorescent biosensors through conjugation of environmentally-sensitive probes to synthetic modular peptide scaffolds/bioreceptors. [73][74][75][76][77][78][79] (Figure 6). CDKACT biosensors are modular bipartite peptides comprising a CDK-specific substrate moiety onto which an environmentallysensitive dye is conjugated, and a PAABD that folds onto the substrate sequence phosphorylated by an active CDK. This intramolecular conformational change alters the local environment of the fluorescent probe, consequently promoting fluorescence enhancement. By tailoring the substrate moeity for specific recognition by different CDKs, we generated a highly selective panel of synthetic fluorescent peptides that report on the specific activity of CDK1, CDK2, CDK4, CDK5 and CDK6, in a sensitive, direct and quantitative fashion through changes in fluorescence emission. Throughout design and characterization of these different CDKACT biosensors and incrementing complexity to improve selectivity and reduce their size, we have established a solid proof-of-concept for this technology, which has been implemented to report on kinase activities in cancer cell lysates and tumour biopsies, as well as in living cells and in vivo. The first CDKACT was a generic biosensor derived from the PAABD of Plk1 PBD and Histone H1, a substrate commonly phosphorylated by many CDKs [73] . This peptide biosensor was labelled with Cy3 and shown to respond to several recombinant active CDKs as well as to CDKs in lysates from cultured cancer cell lines in a dose-dependent fashion and to report on kinase inhibition by ATP-competitive kinase inhibiors. We further engineered an RFP-CDKACT derivative which was labelled with Cy5, so as to generate a protein biosensor that could be internalized into cultured cells using cell-penetrating peptides for imaging purposes. Ratiometric quantification of changes in Cy5 fluorescence emission relative to RFP allowed to validate response of this protein biosensor to CDK activity within living cells, essentially prior to cell division, when CDK1 and CDK2 are most active, but not in non-dividing cells or cells treated with the CDK inhibitor Roscovitine. CDKACTRb and CDKACT4 biosensors were tailored by selecting a substrate sequence from p107Rb (Retinoblastoma protein) specifically phosphorylated by CDK4 kinase. With the aim of shortening the biosensor design relative to the first CDKACT [73] , we replaced the PBD of Plk1 by the WW domain of Pin1, thereby generating CDKACTRb biosensor that could be expressed in E.coli and purified by FPLC prior to labelling and use for biosensing purposes. We further replaced the native WW domain of Pin1 by a shorter sequence that comprises the residues directly involved in the interface with the phosphopeptide substrate moiety to yield CDKACT4. This biosensor responds to recombinant CDK4 and reports on differences in CDK4 activity between different cell lines, in particular to its hyperactivity in melanoma cell lines, and to its inhibition by Palbociclib, Ribociclib and Abemaciclib. CDKACT4 was further implemented to measure CDK4 activity in skin, revealing greater activity in epidermis, where cells are rapidly dividing, than in the dermis. Finally CDKACT4 was used to measure differences in CDK activity in A375 xenografts implanted in mice, and treated with Palbociclib or Roscovitine [74] . In a different study, we investigated the implication of CDK2 and CDK4 in the skin condition psoriasis by combining CDKACT peptide biosensors, Western blotting and immunohistochemical analyses and showed that CDK2 was upregulated, whereas CDK4 activity was inhibited by p16INK4 [76] . CDKACT4 technology was further improved by developing a lanthanide derivative [75] . Specifically, a DOTA[Tb(III)] complex was conjugated onto the Rb substrate moiety of the CDKACT4 design and the trypophan group within the PAABD served as an antenna to sensitize the lanthanide. This luminescent derivative of CDKACT4 proved to be 3-4 times more sensitive to phosphorylation as compared to CDKACT4 labelled with a variety of other fluorophore. Moreover we showed that Tb-CDKACT4 could report on dose-dependent inhibition of CDK4 activity by Abemaciclib in melanoma cell extracts, in a highly similar fashion to inhibition of A375 cell proliferation. A CDKACT6 biosensor was engineering by synthesizing several peptides derived from CDK6-specific substrates from the glucose metabolism pathway, ie phosphofructokinase and pyruvate kinase M2 [78] . This rational approach to select the most appropriate substrate revealed that only peptides derived from phosphofructokinase were recognized by CDK6 and be best candidate displayed complete selectivity for CDK6 over CDK4, ist most closely related kinase. Combined with the PAABD derived from Pin1 which was optimized for CDKACT4, we engineered a peptide biosensor labelled with TAMRA, which responds in a dose-dependent fashion to CDK6 activity from cultured cell lysates.In this study we further combined CDKACT6 and CDKACT4 biosensors to profile the kinase activities of CDK4 and CDK6 in cell lines derived from patients with mesothelioma, thereby revealing different patterns of response. A panel of CDK5 biosensors were designed based on the literature and in particular a comparative phosphoproteomics study of substrates in mice expressing or lacking CDK5 [77] . As for other CDKs, these substrate sequences were combined with the PAABD of CDKACT4 and 6 and screened in vitro against recombinant CDK5 and CDK2, one of its most closely related kinase. Interestingly, only one of these biosensors responded selectively to CDK5 over CDK2, and this peptide was therefore further characterized using cell extracts from glioblastoma cell line U87 in which CDK5 is hyperactivated. Moreover, we designed a self-cell-penetrating derivative to facilitate cellular internalization of CDKACT5 and image CDK5 activity in U87 cells by fluorescence microscopy. These studies allowed us to visualize activation of CDK5 at the cell membrane prior to its diffusion into the cytoplasm and further allowed us to demonstrate that CDK5 activity occurs in parallel to calcium oscillations in U87 cells. More recently we engineered a hybrid CDKACT1 nanobiosensor by immobilizing CDK1-specific peptide biosensor onto the surface of multiwall carbon nanotubes (MWCNTs) [79] . This hybrid biosensor responds to recombinant CDK1 but not to CDK2 and displays much greater sensitivity to kinase activity in vitro than CDKACT1 peptide alone. Moreover MWCNT-CDKACT1 penetrates readily into living cells and was successfully implemented to quantify differences in cultured cells treated with CDK1 inhibitor, as well as to in vivo imaging in mouse models. CDKACT biosensors therefore translate CDK kinase activity into sensitive changes in fluorescence intensity and their synthetic nature enables quantification of CDK activity in vitro and in living cells, as well as in vivo, thanks to different strategies facilitating their cellular uptake. We have more recently combined our ensemble of fluorescent peptide biosensors to profile several CDK activities simultaneously in lysates from cell lines derived from human cancer patients and in human biopsies from lung adenocarcinoma and lymphoma in collaboration with several partners associated with French hospitals (C. Blanquart, INSERM-CHU Nantes; CRB-CHU Montpellier). Our studies reveal that patients with different CDK signatures may be stratified into different groups and may be predisposed to different therapeutic responses [78 and personal communication] . This multiplex optical biosensing approach enables characterization of several distinctive PK signatures from one same sample, thereby providing functional information of potential utility for diagnostic purposes to guide therapeutic decisions.

Conclusions & Perspectives

Fluorescent peptide biosensors constitute selective optical probes that offer straightforward means of sensing and quantifying biomarkers of interest in vitro, in living cells and in vivo, following microinjection or facilitated delivery strategies. The intrinsic sensitivity of environmentally-sensitive fluorophores incorporated in synthetic biosensors enables detection and quantification of biomarker alterations such as PK activities in pathological settings and in response to stimuli or drugs. As such, they constitute attractive tools for cancer diagnostics, for evaluating response to therapeutics and development of sensitive assays for drug discovery programmes [15][16][17] .

Several examples from our lab and others highlight the potential of synthetic biosensors for detection and quantification of PKs in a complex physio-pathological environment. Moreover, given their synthetic, controllable nature, fluorescent peptide biosensors are potentially amenable to predictive molecular diagnostics, monitoring of disease progression and response to therapeutics. For instance synthetic fluorescent biosensors have already been developed to detect dysregulated PK biomarkers in leukemia [37] or for point-of-care monitoring of therapeutic drugs in plasma and urine [47] .

Several smart strategies have been devised to engineer more selective, sensitive and responsive biosensors thanks to new generations of highly sensitive fluorophores or through strategic incorporation of quenchers to silence fluorescence in the absence of the target. The sensitivity and selectivity of fluorescent biosensors allows for their implementation to detect subnanomolar concentrations of biomarkers and report on enzymatic activities of interest in highly complex samples.

CDKACT biosensors offer straightforward means of quantifying differences CDK/Cyclin kinase activities between healthy and cancer cells, and can report on alterations in response to therapeutics in vitro, in living cells and in mice, following cellular internalization mediated by cell-penetrating peptides or through functionalization of carbon nanotubes. Given the central role and implication of this family of kinases in disease pathways, and the recent FDA-approval of several inhibitors targeting CDKs for clinical therapeutics, CDKACT biosensors constitute attractive tools for developing diagnostics and companion assays. These selective optical probes have further been implemented to multiplexed detection of several CDKs in a variety of cancer cell extracts and are readily applicable to human biopsies. We have taken further advantage of CDKACT technology to profile several CDK activities simultaneously in human biopsies. This multiplex approach has enabled us to highlight distinct PK signatures in samples derived from lymphoma, lung and skin cancers, thereby providing critical information for diagnostic purposes. As such they constitute attractive tools for cancer diagnostics and for evaluating response to therapeutics in drug discovery programmes.

In the future immobilization of fluorescent peptide biosensors onto chips or nanomaterials to generate arrays for multiplex signaling should provide efficient means of analyzing complex samples in a high throughput fashion and profiling biomarker signatures in pathological samples. Development of point-of-care devices and companion assays would also greatly improve and speed up data collection. Personalized and point-of-care approaches based on synthetic biosensors that can be readily combined with targeted therapeutics will offer significant promises for advancing personalized medicine.
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 2 Figure 2. Fluorescent Probes for Peptide Biosensors (A) commonly used organic fluorophores (B) smart dyes with attractive photophysical properties for biosensing applications
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 3 Figure 3. Peptide Biosensor Strategies. (A) In the absence of the target, a peptide biosensor labelled with a single fluorophore emits basal fluorescence, which will be altered (enhanced) according to one of the following mechanisms : (1) in response to target binding (2) or to addition of a phosphate group (3), to binding of a phospho-amino acid binding domain (PAABD) following phosphorylation (B) a peptide biosensor labelled with two fluorophores may undergo conformational changes that brings these fluorophores in close proximity following target binding or posttranslational modifications, enabling FRET between the donor and the acceptor.
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 4 Figure 4. Successful examples of Synthetic Fluorescent Biosensors (A) CDC42 biosensor derived from the CRIB domain of the WASP effector of CDC42, that binds the active form of CDC42, developed by K.Hahn's group, (B) Semisynthetic metabolite biosensors developed by K.Johnsson's group include fluorescently-labelled SNAP-and CLIP-tags together with a bioreceptor that binds a ligand linked to the SNAP-tag in the closed conformation, thereby enabling FRET, which is disrupted upon metabolite binding to the bioreceptor, due to displacement of theligand (C) LUCIDs developed by K.Johnsson's group are bioluminescent biosensors that combine a SNAP-tag labeled with a cyanine dye, with luciferase and a receptor for a drug: in the absence of drug, the closed conformation of the biosensor emits Cy3 fluorescence due to BRET between luciferase and cyanine, whereas drug binding promotes an open conformation which disrupts BRET, resulting in strong luminescence emission of luciferase.
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 5 Figure 5. (A) Self-reporting reporters of phosphorylation and deep-quench peptide biosensors whose fluorescence is quenched either by tyrosine or by an extrinsic quencher in the absence of phosphorylation, developed by D.Lawrence's group. (B) Chelation-enhanced SOX biosensors and

Figure 6 .

 6 Figure 6. CDKACT ToolBox comprises a panel of biosensors tailored to respond to different CDKs. (A) Specific substrate sequences for cognate CDKs bear a unique cysteine for site-specific labelling with environmentally-sensitive fluorophores. PAABD sequences ranging from the PBD of Plk1 (shown in green complexed with a phosphopeptide from Cdc25C (orange); Trp residues in red; PDB 20JS) to the WW domain of Pin1 (PDB 2ZQT; Trp residues in red) and a
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