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Abstract

:

Protein kinases catalyze phosphorylation, a small yet crucial modification that affects participation of the substrate proteins in the intracellular signaling pathways. The activity of 538 protein kinases encoded in human genome relies upon spatiotemporally controlled mechanisms, ensuring correct progression of virtually all physiological processes on the cellular level—from cell division to cell death. The aberrant functioning of protein kinases is linked to a wide spectrum of major health issues including cancer, cardiovascular diseases, neurodegenerative diseases, inflammatory diseases, etc. Hence, significant effort of scientific community has been dedicated to the dissection of protein kinase pathways in their natural milieu. The combination of recent advances in the field of light microscopy, the wide variety of genetically encoded or synthetic photoluminescent scaffolds, and the techniques for intracellular delivery of cargoes has enabled design of a plethora of probes that can report activation of target protein kinases in human live cells. The question remains: how much do we bias intracellular signaling of protein kinases by monitoring it? This review seeks answers to this question by analyzing different classes of probes according to their general structure, mechanism of recognition of biological target, and optical properties necessary for the reporting of intracellular events.
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1. Introduction


1.1. Brief Insight into Structure and Function of Protein Kinases


Phosphorylation is an evolutionarily conserved mechanism for regulation of a vast variety of signaling pathways. The transfer of γ-phosphoryl group from a nucleotide (usually ATP) to a Ser, Thr and/or Tyr residue in a protein substrate alters conformation of the latter and hence affects the ability of phosphorylated protein to recognize and get recognized by its endogenous binding partners.



Protein kinases (PKs) catalyze phosphorylation by enhancing the rate of reaction by 9–11 orders of magnitude [1]. To catalyze phosphorylation reaction, a PK binds the phosphoryl donor and the phosphoryl acceptor, and then performs transfer of the phosphoryl group. The ATP-binding sites of PKs incorporate an ensemble of the residues that are generally conserved in the PK family and are utmost important for catalysis [2]. For instance, by introducing point-mutation at a crucial lysine residue (Lys72 in PKAc), it is possible to generate kinase-dead mutants of PKs [3], correctly fold yet devoid of catalytic activity. However, because ATP is used as the general abundant phosphoryl donor, no selectivity is required on the level of ATP recognition by the PK (in fact, to ensure dissociation of ADP formed after the phosphoryl transfer, the aromatic ring and the ribose moiety of ATP should not be bound to the PK too strongly). Accordingly, other residues of the ATP-binding site are less conserved, which enables design of selective ATP-site targeting inhibitors.



The mechanism of recognition of the phosphoryl acceptor, however, determines the level of selectivity of the whole PK-containing pathway; PKs recognize their substrates according to the specific amino acid signature (so-called consensus sequence) in the structure of the substrate that forms a spatial pattern of characteristic interactions with the PK. The residues constituting the consensus sequence of the substrate flank the phosphorylatable residue; however, in some cases, a recognition motif of substrate might lie tens of Ångström from the phosphorylatable residue, and bind to a distant pocket formed as a result of interaction of PK with its regulatory protein (Figure 1) [4].



In organisms, to restore the initial state of the system after phosphorylation event, hydrolytic removal of phosphoryl group is performed by protein phosphatases. In humans, there are 538 protein kinases and 137 protein phosphatases [5,6]. In the “resting” state of the cell, most PKs stay inactive until an activating molecule—e.g., a secondary messenger, or a cyclin—becomes available and triggers activation of the pathway. Activation occurs via change of conformation of the PK molecule, e.g., by alleviating the intramolecular blockage of catalytic site by a fragment of PK or by a regulatory protein. In addition, catalytic activity of several PKs is enhanced by autophosphorylation—a process where the PK performs phosphorylation of a fragment (usually, so-called activation loop) included in the structure of the same PK. Autophosphorylation can be performed either by the same molecule where the phosphorylatable fragment resides (cis-phosphorylation [7]), or by the neighboring molecule of the same type of PK (trans-phosphorylation [8]). Autophosphorylation of the activation loop reorders the positioning of the catalytically important residues within the PK core and enables access of substrate proteins to the substrate-binding site. Autophosphorylation can be triggered by increased concentration of a PK in a certain cellular location, or by binding of the aforementioned activating molecule. Furthermore, PKs frequently work in cascades where the upstream PK triggers phosphorylation and activation or inactivation of the downstream PK.



Different PKs reside in different locations in cells, whereas location may also depend on the activation state of a PK. There are receptor PKs (such as growth-factor receptors) and receptor-bound PKs (such as Src family PKs) that reside at the plasma membrane (the catalytic core of PK resides inside the cell, but a portion of a receptor PK molecule protrudes to the extracellular space); those provide information considering extracellular event to the intracellular machinery and function as scaffolding proteins. There are PKs (such as Akt/PKB, or conventional/novel PKC isoforms) that are activated in the proximity of plasma membrane by binding to the lipid secondary messengers, and once activated, can perform their catalytic tasks in cytosol. There are PKs that shuttle between cytosol and nucleus (such as catalytic subunit of cAMP-dependent PK, PKAc), where those can phosphorylate transcription factors and hence alter pattern of gene expression. PKs that share high sequence similarity can be confined to different intracellular compartments by their interaction partners: for example, while Aurora A resides at the centrosome and spindle microtubules by virtue of interaction with proteins Ajuba and TPX2 [9], Aurora B is enriched at the centromeric region of chromosomes by forming complex with proteins INCENP, Survivin, and Borealin [10]. Even PKs that reside in cytosol are frequently targeted to a certain cellular location by a scaffolding protein; for example, Ca2+-activated PKs are located in the vicinity of Ca2+-channels on the plasma membrane or endoplasmic reticulum, while cAMP-dependent PKs are located in the vicinity of adenylyl cyclase [11,12,13]. The same scaffolding protein that is responsible for localization of a PK might also offer binding sites for its substrates, but also protein phosphatases and enzymes that degrade secondary messengers (e.g., phosphodiesterases). Such compartmentalization of PK signaling ensures both rapid propagation of signal as well as quick restoration of the native state of the cell.



The localized pools of PKs complicate assessment of intracellular concentrations of these enzymes, as strong local gradients are formed. For the first approximation of approximate range of intracellular concentrations of PKs, data reported for platelets can be considered: platelets are known as biological system enriched in PKs, and intracellular concentrations in the range of 3–7 μM have been reported for cGMP- and cAMP-dependent PKs in unstimulated platelets [14]. Furthermore, spatial control of PK signaling is combined with temporal control, which is achieved by the temporal availability of activating factors (as in the case of cyclin-dependent PKs) as well as presence of negative and positive feedback loops formed between upstream and downstream signaling events. The dynamic nature of intracellular processes complicates the whole picture to the extent far beyond the arrow-based schemes in textbooks; therefore, dissection of phosphorylation pathways requires novel tools capable of reporting different levels of PK signaling with high spatiotemporal resolution.



The intertwined network of PK signaling pathways largely defines the well-being of the cell. It is thus not surprising that errors in this network can manifest itself on the level of organism. The abnormally elevated activity (often driven by mutations, as in the case of Bcr-Abl [15]) or abnormally elevated levels of PKs (such as growth factor receptor PKs, Aurora family PKs, Pim family PKs, etc.) have been linked to a variety of major diseases, especially cancer [16,17]. PKs can contribute to the onset of cancer (e.g., by inducing genomic instability), or sustain its progression (e.g., by participating in angiogenesis or cell migration). Recent studies have shown that if otherwise intracellular PKs are present in bodily fluids (either in dissolved form or encapsulated into extracellular vesicles), they can serve as cancer biomarkers, applicable for diagnosis and prognosis of disease as well as monitoring of patients [18,19,20,21,22,23]. Furthermore, by virtue of incorporation of the deep narrow ATP-binding site, PKs are classified as druggable biological targets—in fact, aside from G-protein coupled receptors, PKs have been reported as the major targets of upcoming therapeutics [24].



Since the success story of Bcr-Abl-targeting Gleevec (imatinib) being accepted for treatment of Philadelphia chromosome-positive leukemia in 2001, 37 inhibitors of PKs have emerged as FDA-approved drugs, and more than 250 are in clinical trials [25]. However, the high costs and risks associated with clinical studies necessitate more effective preclinical research. Currently, studies in live cells represent the primary approximation of compromise between the required level of complexity of the screening system, the cost-effectiveness of experiments, and the ethical aspects of scientific research. Thus, development of probes applicable for monitoring of PK activity in live cells not only provides valuable information on these targets, but also enables early evaluation of the PK-targeting compounds.



Before we proceed to close inspection of different classes of these probes, let us briefly review some mechanisms underlying the ability of probe to report cellular events, and some technical aspects of the probe signal detection.




1.2. Brief Overview of Photo- and Bioluminescence Phenomena and Applications


Historically, light detection has been one of the least invasive methods for exploration of biological specimen. The conversion of natural luminescent proteins into a palette of genetically encodable tags [26], the emergence of bright organic fluorophores and nanostructures featuring long-lifetime photoluminescence, the insight into molecular mechanism of photoswitching molecules [27] and the fine-tuning of microscopic techniques [28] have triggered vast progress in the field of application of photo- and bioluminescence in recent decades. Here, we provide some definitions necessary for understanding of terms used further in the manuscript.



1.2.1. Physical Background and Definitions


Upon excitation of a molecule with UV or Vis light, an electron residing on a higher energy level in the molecule (ground singlet state, S0) can get excited to even higher orbital (excited singlet state, S1)—if the energy of the light photon is sufficient for the electron to bridge the gap between the ground and the excited states. Singlet state refers to the system where all electrons are paired, i.e., the number of electrons with upward spin is equal to the number of electrons with downward spin. The return of the electron to the ground state is in most cases non-radiative (i.e., the energy is released as heat), but it can also be accompanied with emission of photon. The latter phenomenon is termed photoluminescence. In the case electrons are excited by other means than UV-light, different kinds of luminescence can be distinguished. For example, chemiluminescence requires excitation of electrons during the preceding chemical reaction. Bioluminescence is a sub-category of chemiluminescence where the light is generated in an enzyme-catalyzed reaction.



For isolated atoms in gas phase, energies of S0 and S1 are strictly fixed. For a molecule where atoms are joined by chemical bonds, the length of bonds and the angles between those can slightly vary dependent on the temperature of the environment, giving rise to the so-called molecular vibrations. Consequently, both ground and excited singlet states of the molecule are sub-divided into vibrational levels. Excitation of an electron in the molecule usually brings the former to the highest vibrational level of S1; then, it will undergo series of non-radiative transitions to the bottom vibrational level of S1, from where it can return to S0 with emission of photon. Thus, the emitted photon will usually have lower energy (and thus lower frequency and higher wavelength) than the photon used for excitation; this phenomenon is called Stokes shift. The range of light wavelengths ensuring most efficient excitation, and the range of emitted light wavelengths depend on the chemical structure of the photoluminescent molecule. The molar absorptivity at the certain wavelength (ελ, also called molar extinction coefficient) is also characteristic of the given compound at given conditions.



Apart from the “direct” radiative return of the electron from S1 to S0, the return can also proceed via occupation of an intermediate energy level (triplet state, T1) for which the flip of electron spin might be required (so-called intersystem crossing). Triplet state refers to the system where two electrons are unpaired i.e., the number of electrons with the certain type of spin is by 2 electrons bigger than the number of electrons with the opposite spin. The “mode” of electron return determines the average time spent by the molecule in its excited state; the average time spent in the excited state by the set of chemically identical molecules is called photoluminescence lifetime. Based on lifetime duration, photoluminescence is subcategorized into fluorescence (emission occurs within nanoseconds) and phosphorescence (emission occurs within micro- to milliseconds). Accordingly, the molecules that emit light upon photoexcitation (luminophores) are categorized into fluorophores and phosphors. The exact lifetime value is an inherent property associated with the chemical structure of the fluorophore/phosphor. On the other hand, some luminophores cannot be classified as being exclusively fluorophores or phosphors.



In general, fluorescence is more abundant in nature than phosphorescence, and here we focus more closely onto inspection of fluorophores.




1.2.2. Main Classes of Fluorophores


To possess fluorescent properties, the structure of the molecule should contain a cloud of delocalized, easily excitable electrons—which can be achieved via incorporation of either an aromatic or a d-orbital-rich system.



The main types of fluorophores applied in biological studies are as follows:




	
fluorescent protein tags (FPs);



	
organic dyes; and



	
fluorescent nanoparticles (NPs).








Wild-type fluorescent proteins have initially been discovered in several marine species, including jellyfish, sea pansy, anemones, and corals. By virtue of pioneering works by Osamu Shimomura, Martin Chalfie and Roger Y. Tsien (reviewed in [29]), these proteins have been isolated, characterized and converted into series of mutants with improved ex vivo folding characteristics, spectral properties and photostability. Probably the best-known fluorescent protein tag is enhanced green fluorescent protein (EGFP), a 27 kDa protein derived from the wild-type protein of Aequorea victoria. It features a β-barrel structure containing 11 β-strands and six α-helices (Figure 2); while five shorter helices cap the ends of the barrel, one helix runs through the barrel and contains tripeptide Ser65-Tyr66-Gly67 [30,31,32]. Aided by molecular oxygen and side-chains of amino acid residues forming β-barrel, this tripeptide undergoes cyclization that yields chromophore—the fragment responsible for fluorescent properties of EGFP. This process is called chromophore maturation, which at room temperature occurs on the scale of tens of minutes [33,34,35,36].



A palette of blue-shifted versions (e.g., ECFP and Cerulean) and yellow-shifted versions (e.g., YFP, Citrine, and Venus) of EGFP exists. These proteins were designed by incorporating point-mutations in the chromophore as well as β-strands of EGFP. On the other hand, fluorescent proteins with red-shifted spectra (such as dsRed and mCherry) feature similar architecture, yet are derived from the wild-type proteins of Anthozoa class of marine invertebrates [38], having thus evolved via evolutionarily distinct pathways. Furthermore, non-fluorescent mutants of FPs exist [39], which may have photo-protective role in marine organisms; non-fluorescent FPs absorb light, yet their emission is minimal.



While application of FPs as genetically encoded tags has vastly increased possibilities for monitoring of intracellular localization, trafficking, and interactions of tagged proteins in cells, it has several drawbacks. First, attachment of a 27-kDa FP to the protein of interest can seriously interfere with the biological activity of the latter and affect its interactions with proteins residing upstream or downstream in the signaling pathway, as well as scaffolding proteins. To some extent, this issue might be overcome by design of different constructs where position of FP relative to the N- and C-terminus of the protein of interest is changed, or the composition of linking unit between the FP and the protein of interest is altered. Furthermore, several FPs are prone to formation of oligomers. A considerable amount of effort has been spent on generation of FP mutants that have reduced tendency to aggregate (so-called monomeric versions of FPs, designated with small “m” at the beginning of FP name) [40,41]. However, at high concentrations, even monomeric FPs tend to aggregate; thus, strong overexpression of FP-tagged proteins may provide high signal intensity, but also enhances risks of artifacts associated with the abnormally large size of the aggregated construct.



The organic fluorescent dyes have considerably lower molecular weight (mostly < 1 kDa; Figure 2) and feature a variety of aromatic rings systems functionalized with electron-donating and electron-withdrawing substituents. Furthermore, organic dyes usually bear functional groups that enable ex vivo labeling of biologically active molecules yet preserve fluorescence characteristics of the dye. Different dye scaffolds have different hydrophobicity, and the combination of chemical properties of the dye and biologically active molecule determines applicability of the labeled construct in live cells: constructs that are too polar cannot cross cell plasma membrane, while constructs with extremely high hydrophobicity tend to stay bound to lipids within the membrane. In addition, it is important to consider the fact that the biologically active molecules that are labeled with organic fluorophores usually belong to the class of small-molecular-weight compounds. Thus, despite low molecular weight of the organic dye, it can still affect not only bioavailability, but also biological properties of the labeled construct compared to the non-labeled biologically active molecule.



There is a broad spectrum of fluorescent NPs that are used in biological applications. Numerous materials have been applied as NPs: silica and organically modified silica; hydrophobic and hydrophilic organic polymers; semiconducting organic polymers; quantum dots (QDs); carbonaceous nanomaterials including carbon dots, carbon nanoclusters and nanotubes; upconversion materials (UCNPs); and others. Compared to FPs and organic dyes, the application of fluorescent NPs in biological systems is relatively new [42,43]. While the majority of available reports have almost exclusively focused on applications of QDs [44,45], UCNPs and C-dots are currently on the rise [46]. QDs are nano-sized (mostly 2–10 nm) inorganic crystals that are made of semiconducting materials (e.g., CdSe, CdTe, C or Si) and possess optical properties intermediate between those of bulk semiconductors and discrete molecules. QDs have wide excitation spectrum in the UV range, whereas their emission spectrum is narrow and depends on the diameter and shape of QD: smaller QDs fluoresce in blue-green wavelengths, while emission of larger QDs is red-shifted (Figure 2). The correlation between the size of QD and its emission spectrum, as well as large Stokes shift make QDs well applicable for the multi-color imaging. In addition, QDs are endowed with good photostability, which makes those suitable for performing repeated cycles of excitation and emission (see below).



However, for attachment of ligands, it is necessary to functionalize surface of QDs, which may influence optical properties of the latter. Compared to organic dyes, few labeling protocols are available for QDs; it is also difficult to prognose the number of the biologically active molecules attached to one QD during the labeling procedure. Furthermore, some QDs require surface modification to enhance their solubility in aqueous solutions and prevent aggregation. Dependent on the coating, QDs might gain cell membrane-penetrative properties [47], yet translocation of such large particles through the membrane might cause changes in its fluidity and cause formation of pores. In the case of QDs based on transition and post-transition metallic elements, leakage of heavy metals might also contribute to their cytotoxicity. Finally, the aforementioned risks related to the altered properties of biologically active molecules upon labeling with a large entity are especially valid in the case of labeling with QDs.




1.2.3. Photoluminescence Measurement Techniques


The easiest and the most wide-spread technique in live cell imaging is measurement of fluorescence intensity. The detected signal depends primarily on the concentration and chemical nature of the fluorophore. In the cases of both fluorescence and phosphorescence, the radiative return of the excited electron to the ground state always competes with the non-radiative return. The ratio of emitted photons relative to photons absorbed is called quantum yield (QY); the product of QY and the maximal molar extinction coefficient εmax of the given photoluminescent compound determine its brightness, which is an important characteristic of the fluorophore. An exhaustive list of fluorophores together with the corresponding ε and QY values is provided in [48,49].



Even with the brightest organic dyes, the older apparatuses necessitated use of relatively high concentrations of the fluorophores (the intracellular concentration above 1 μM [50,51]) in order for fluorescence intensity to be detectable. Newer technical solutions have dramatically improved the detection limit (down to single molecule detection), yet the autofluorescence of biological systems has now become the bottle-neck by imposing the necessity for distinguishing the signal of fluorescent probe from the background. Consequently, relatively high probe concentrations are still frequently used in microscopic studies, thus increasing risk of interference with intracellular pathways of the biological targets—especially if high levels of probe over-expression or intracellular accumulation are achieved [52,53,54].



Both fluorescence spectrum and QY of a fluorophore may largely depend on the surrounding environment. One of the important parameters is pH, because the properties of the electron-donating and electron-withdrawing substituents of aromatic systems of fluorophores depend on their protonation state [55]. Therefore, the measured signal might depend on the intracellular localization of fluorophore, because pH levels vary between different cellular compartments. Just as important is polarity and crowdedness of the surrounding environment [56]. So-called static quenching occurs when a photoluminescent moiety (usually, a fluorophore) develops interactions with a quenching molecule which preclude excitation of the formed complex [57]. For instance, certain fluorophores are known to form non-specific yet strong interactions with proteins abundant in medium (a well-known example is binding of fluorescein to bovine serum albumin [58]). Because organic fluorophores are usually bulky aromatic systems, static quenching can also take place due to formation of fluorophore aggregates. Once the complex between the fluorophore and the quencher is disrupted (e.g., by increase of distance between the moieties, or by presence of detergent), static quenching is dissipated. Furthermore, certain small molecules (such as dissolved oxygen) can collide with the excited fluorophore and facilitate its return to the ground state via non-radiative way; this process is called dynamic quenching [57].



While sensitivity of fluorophore brightness to these parameters may give rise to unwanted artifacts during imaging, it can also be utilized for sensing of intramolecular events. In the context of PK-targeting probes, introduction of charged phosphoryl group to the spatial proximity of fluorophore can alter brightness of the latter several-fold. Furthermore, in the case of probes targeting Tyr PKs, phosphorylation of Tyr residue may alleviate static quenching of fluorophore by the non-phosphorylated Tyr. If phosphorylation itself does not change brightness of the proximal fluorophore sufficiently, binding of phosphorylated probe to a phospho-amino acid recognizing domain may introduce sufficient change in the polarity of the environment surrounding the fluorophore. The aforementioned types of probes are reviewed in Section 2.1 (Class 1B probes).



In addition, static quenching originating from fluorophore aggregation can be alleviated upon binding of fluorophore-containing probe to its biological target; this is utilized by fluorogenic dyes such as silicon rhodamine (Section 2.3, Class 3A probes). Fluorogenic dyes are extremely helpful in solving abundant problem of high background fluorescence signal that arises from the presence of the unbound or unmodified probe, which is not easily removed by washing procedures. In addition, if the target PK resides at the plasma membrane or close to it, certain imaging techniques such as total internal reflection fluorescence (TIRF) can be used [59]. TIRF makes use of a low-energy evanescent wave that is generated when the illuminating laser light undergoes total reflection at the interface of two different media endowed with different reflective indexes. The energy of the evanescent wave is directly proportional to the distance from the point of reflection, typically penetrating samples to the maximal depth of 100 nm. Therefore, TIRF only excites fluorophores residing on—or very close to—the cell surface, and can be used to restrict imaging to the region of interest in the cell, hence strongly diminishing signal originating from the cytoplasmic pool [60].



Apart from fluorescence intensity, fluorescence lifetime of fluorophore can also be measured. Fluorescence lifetime is independent from protein concentration (as long as the latter is sufficient for signal detection), which reduces risk of artifacts associated with a possible imbalanced enrichment of probe in a certain cellular location. On the other hand, analogically to fluorescence intensity, fluorescence lifetime is dependent on the environment surrounding fluorophore, and on its interactions with other fluorophores (see below [61]). However, more complicated equipment and software is needed for performing fluorescence lifetime imaging (FLIM) and data analysis. Furthermore, while in the case of organic dyes and some FPs [62] the decay of fluorescence intensity in time following excitation follows mono-exponential model, in the case of QDs the decay is multi-exponential, further complicating the data analysis.



If two fluorophores are positioned in sufficient proximity to each other and their electron densities (approximated as dipole moments) are suitably oriented, and if emission spectrum of one fluorophore partially overlaps with the excitation spectrum of the other, a non-radiative energy transfer can occur. Such phenomenon is named FRET (Förster-type resonant energy transfer). FRET has been widely applied in design of PK probes that report occurrence of the phosphorylation event by pronounced change of conformation (Section 2: Class 1A–B, Class 3C and Class 4A probes). Usually, FRET is detected by measuring fluorescence intensity at the emission length of donor as well as acceptor fluorophores; increased efficiency of FRET manifests itself as decrease of fluorescence intensity of the donor and/or increase of fluorescence intensity of the acceptor. Such ratiometric measurement has several advantages compared to the single-channel detection: the former is less prone to artifacts arising from the effects of microenvironment, variability of probe distribution, or instability of the excitation source [63]. However, in many popular FRET pairs utilized in genetically encoded PK probes, FRET efficiency is in the range of only 20–30%, which often results in insufficient signal-to-noise ratio. According to the recent study, the “classical” CFP-YFP pair should rather be replaced with mNeonGreen-mRuby3 or mClover3-mRuby3, which have the largest Förster distances (see Equation (1)) among all monomeric FP-based FRET pairs [64].
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The FRET efficiency E depends on the donor-to-acceptor distance according to an inverse 6th order law due to the dipole–dipole coupling mechanism; R is the actual distance between donor and acceptor pair; and R0 is the so-called Förster distance between donor and acceptor (at which the FRET efficiency is equal to 50%). High FRET efficiency is also reflected as decrease in the fluorescence lifetime of the donor; τDA is the fluorescence lifetime of the donor in the presence and τD in the absence of acceptor.



In cases where FRET pair is constituted by the two separate genetically encoded tagged constructs [65,66,67,68], the ratio of expression level of the two constructs can vary substantially between the cells and/or cellular compartments. In this case, calculation of FRET efficiency and its change according to fluorescence intensities from donor/acceptor channels can be significantly biased. Here, elegant solutions are offered by the co-expression strategies based on dual promotor plasmids, internal ribosome entry sites (IRES), and viral 2A peptides [69]. In addition, as efficiency of FRET is also reflected in change of fluorescence lifetime of the donor, FLIM can be of great help.



Another characteristic issue connected with FRET is finding compromise between the optical requirement for maximal spectral overlap of donor and acceptor, and the technical requirement for the proper separation of two emission channels. In some cases, to collect more signal from the donor channel, a non-radiant acceptor can be used (e.g., REACh) that receives energy from donor yet does not emit light [70,71]. While ratiometric advantages of FRET are then lost in the case of fluorescence intensity detection, use of non-radiant acceptor is profitable in the case of FLIM techniques.



In principle, FRET can also occur between a phosphor and a fluorophore, provided that other conditions (spectral overlap, small donor-acceptor distance and suitable orientation) are fulfilled. This phenomenon was utilized for design of PK binding-responsive probes (Section 2.3, Class 3A probes) [72]. The long lifetime-photoluminescence of donor moiety incorporated in these compounds is dynamically quenched by oxygen when the probe resides in solution; upon binding to narrow ATP-binding site of PK, the triplet state of donor is stabilized, and FRET from donor to acceptor can take place. The emission wavelength of these probes depends on the fluorescent dye used as the acceptor. The long lifetime of donor determines the properties of the probe, and the signal of the acceptor can be measured after delay of tens of microseconds; by this time, autofluorescence of the biological specimen has decayed, thus these probes can be utilized for live cell imaging despite relatively low wavelength of light required for excitation of the donor (below 400 nm).



Another important parameter of fluorophore is its photostability. After returning to ground state, a fluorophore molecule can be excited again. The excitation–emission cycle can be repeated several times, but occasionally, the molecule will “slip” into the excited triplet state and stay there for some time until returning back to S1 (and, from there, to S0). The phenomenon where the molecule resides now and then in a non-photoluminescent state is called blinking [27,73,74]. Although blinking is a stochastic process, the extent of fluctuations can be influenced by the proximity of other fluorophores; this has been utilized for development of genetically encoded probes where extensive conformational change of molecule occurs upon phosphorylation (Section 2.1, Class 1A probes) [75].



While the photoluminescent molecule resides in excited triplet state, it can also get irreversibly modified—for instance, due to reaction with the dissolved molecular oxygen—and lose its photoluminescent properties. This is called photobleaching, which is usually unwanted because it depletes the pool of excitable fluorophores and hence lowers intensity of the detected signal, but also because it generates reactive oxygen species that can diffuse in the cell and trigger oxidative stress. However, photobleaching has been used in combination with FRET studies to confirm energy transfer from donor to acceptor: if acceptor is photobleached, the fluorescence intensity of donor should increase (Section 2.1, Class 1A probes). Furthermore, controlled photo-degradation of certain chemical scaffolds can be used to increase spatiotemporal resolution of probe action (Section 2.1, Class 1B probes). Namely, if the phosphorylatable amino acid within the probe is “caged” by the photo-degradable scaffold, local application of UV light releases a small pool of the active probe.



In some fluorophores, irradiation with UV light of certain wavelength causes reversible changes in the fluorophore structure (such as cis-trans isomerization of chromophores of some FPs [27]), which are reflected in emission properties of fluorophore (e.g., enhancement of fluorescent intensity and/or shift of emission spectrum occurs). The initial state of the system is either restored spontaneously or by irradiation of light with a higher wavelength. Such phenomenon is called reversible photoswitching, and it has triggered development of super-resolution microscopy techniques that have enabled imaging of cellular structures on the scale as small as 20 nm. There are several super-resolution microscopy techniques, each of which has its own advantages and drawbacks; because overview of those is beyond the scope of this publication, we suggest the following publication that provides detailed discussion of this field: [76]. Although super-resolution microscopy has initially been performed on fixed specimen, recent advances have widened the range of its application to live cells [77]. In the field of PK probes, super-resolution microscopy has provided valuable information on mechanism of activation of receptor PKs and compartmentalization of cytoplasmic PK signaling [75,78].



Finally, it should be noted that in recent years, researchers have focused on live imaging of not only cells, but also tissues, sometimes even within the transgenic organisms. The in vivo imaging necessitates use of a relatively narrow window of light wavelengths for photoexcitation (in the range of 650–1350 nm) to avoid strong scattering or absorption by fat, hemoglobin, or water. Therefore, application of near-infrared fluorophores that utilize the so-called therapeutic window is currently on the rise [33,43,45,46,50,79,80,81,82,83,84]. Furthermore, two-photon excitation strategy has gained popularity, which takes advantage of the fact that for excitation of certain fluorophores, instead of using one photon with high energy, two photons with half the energy can be applied [85]. While two-photon excitation enables imaging of live tissue up to about one millimeter in depth, it requires strong spatial focusing of the exciting light, thus increasing requirement for photostable fluorophores with high two-photon action cross-sections [86]. Alternatively, in vivo imaging can be performed with the aid of bioluminescence, discussed in detail in the following Section (examples of probes utilizing bioluminescence phenomenon are provided in Section 2.1 and Section 2.3).




1.2.4. Bioluminescence: Mechanism, Molecules and Advantages


Bioluminescence occurs in various kingdoms of life, ranging from bacteria to fungi to animals (e.g., insects). In all bioluminescent organisms, three components are required for production of light: a molecule that can be converted into an unstable intermediate by oxidation (so-called luciferin), molecular oxygen, and an enzyme that catalyzes oxidation reaction (so-called luciferase) [87]. Some organisms also require additional cofactors (typically, ATP or Ca2+). When the unstable oxidized luciferin intermediate undergoes spontaneous degradation into stable product, energy is released in the form of visible light; dependent on the structure of luciferin, the color of the emitted light may vary from blue to red.



As noted above, because bioluminescence does not require photoexcitation, it offers significant advantage for imaging techniques due to reduced autofluorescence of biological specimen and absence of photobleaching. Furthermore, bioluminescent signal can last for a prolonged period of time, as long as the enzyme is constantly supplied with its substrate [88]; this, however, might be problematic in the case of intracellular applications, as the cell membrane-penetrating forms of luciferins need to be used. Even more importantly, luciferases originating from several organisms (e.g., sea pansy, firefly or click beetle) possess relatively high molecular weight (in the range of 36–62 kDa [89]; see Figure 2), making those poorly suitable for application as genetically encoded tags. However, a luciferase molecule can be split into two halves that lack enzymatic activity of their own, yet regain it when brought spatially close. This method has been utilized in genetically encoded probes that undergo large conformational change upon phosphorylation (Section 2.1, Class 1A probes) [68,90].



Luciferases from other organisms (e.g., copepod crustacean Gaussia) are smaller (in the range of 20 kDa), yet utilize substrates that result in emission of light with low wavelength (480 nm or less). Such light can get easily absorbed by biological specimen, and is thus poorly applicable for fluorescence microscopy. The latter issue may be overcome by utilization of BRET phenomenon. BRET is a direct analog of FRET (see above), except that the bioluminescent donor does not require photoexcitation. If an acceptor with suitable optical properties is positioned in spatial proximity to the donor, non-radiative energy transfer can occur from donor to the acceptor, and light with higher wavelength that is subsequently emitted by the acceptor can then be detected. In nature, BRET phenomenon is utilized by jellyfish: the energy originating from aequorin/coelenterazine pair (luciferase/luciferin) is transferred to the green fluorescent protein. However, a combined tag incorporating both luciferase and FP moiety would possess unfavorably increased molecular weight; thus, other means of BRET development must be utilized to make it applicable for wider range of biological applications. For instance, if a protein of interest is tagged with a smaller version of luciferase (such as NanoLuc, a 19-kDa protein derived from a deep-sea shrimp [91]), and its binding partner is labeled with a suitable acceptor fluorophore, the arising BRET signal reflects presence of interaction, while loss of BRET shows disruption of interaction (e.g., by a competing binding partner) [92,93]. Such system has indeed been utilized as one of the probe variants for reporting PK signaling (Section 2.3, Class 3C probes).






2. Probes Targeting PK Pathways: Classification and Main Features


In general, an optical probe can be defined as the molecular entity which contains: (i) a part responsible for selective recognition or representation of a target; and (ii) a photoluminescent moiety used for reporting of event associated with binding, modification and/or translocation of the probe. Different probes can be classified according to the structure of the probe, the molecular event that the probe is reporting, or the technique used for detection of this event.



Here, a joined classification that considers the two first aspects is presented:




	
Probes reporting phosphorylation event by changes in photoluminescent characteristics




	
genetically encoded tagged substrates of protein kinases



	
labeled synthetic and semisynthetic substrate peptides








	
Probes reporting phosphorylation event by changes in the intracellular localization (also known as translocation probes)



	
Probes reporting binding event by local enrichment of fluorescence intensity, or by changes in photoluminescent characteristics




	
labeled small- or medium-molecular-weight synthetic inhibitors



	
labeled PK-targeting antibodies or their analogs; labeled endogenous substrates or ligands of PKs



	
tagged protein kinases constituting FRET pairs with other tagged proteins or probes from classes 3A, 3B








	
Probes reporting events upstream or downstream of signaling of the PK of interest




	
tagged protein kinases reporting presence of activating molecules



	
probes reporting physiological outcome of signaling pathway of target PK (gene expression, activation of metabolic processes, changes in cellular phenotype and cell viability, etc.)













Here, we specifically discuss probes applied for imaging in human live cells, and focus more closely on characteristics of Classes 1A–1C, 2, 3A–3B, and 4A. Due to multitude of possible combinations and candidates, only few of the probes representing classes 3C and 4B will be reviewed in this manuscript.



2.1. Class 1


This class features phosphorylatable probes that act as PK substrates. Such probes can either be introduced into the cells as the genetically encoded constructs (1A), or as synthetic peptides (1B). Previously, the probes that are defined as Class 1 in this manuscript have been extensively reviewed [94,95,96,97,98,99,100,101]; here, we remind readers of the first steps in the field of probe development, and outline important aspects (including necessary controls) that need to be taken into account during application of these probes in cellulo.



2.1.1. Class 1A


This class features phosphorylatable probes that usually consist of the following building blocks:




	
a consensus sequence that can be recognized and phosphorylated by the target PK;



	
a phospho-amino acid recognizing domain (PAAD—such as SH2 that recognizes phospho-Tyr, or 14-3-3, FHA1, WW, and polo-box domain that recognize phospho-Ser/phospho-Thr);



	
a FRET pair of fluorescent proteins.








The consensus sequence and the PAAD are joined by a flexible linker, and this entity is flanked by two fluorescent proteins. Phosphorylation of probe triggers a massive conformational change of the whole construct due to binding of the PAAD to the phosphorylated motif. This results in altered distance between the fluorophores and/or spatial orientation of dipoles, which is reflected in the change of efficiency of FRET (Figure 3B). In cases where phosphorylation causes a pronounced conformational change within the consensus sequence (and flanking residues) itself, PAAD can be omitted from the structure of the probe [102]; however, such cases are rare, as the change in FRET efficiency in the reporting system and hence the measurement window of the probe might be insufficient.



In principle, if a protein phosphatase can access the phosphorylated amino acid, dephosphorylation of the probe after a certain delay is possible; this restores the initial state of the system and enables “repetitive” application of the probe. To ensure such reversibility, the affinity of PAAD to phosphorylated sequence should not be too high, and the probe should reside for a sufficiently long time in an open conformation. Dependent on the used PAAD, introduction of changes into the consensus sequence might be needed to ensure that its phosphorylated form can be recognized both by target PK and by PAAD. In some cases, utilization of additional docking sequences that can be recognized by distant regions of target PK might be necessary. Considering all these details and the fact that PKs representing the same group can phosphorylate largely similar consensus sequences, detailed selectivity studies should be undertaken in biochemical format with the purified form of probe towards a panel of PKs prior to its application in cellulo [103].



The pioneering works reporting construction of genetically encoded phosphorylatable probes for PKs date back to 2000–2001. Inspired by the so-called “chameleon type” of Ca2+ sensors [106,107], Nagai et al. constructed a genetically encoded probe for a Ser/Thr protein kinase PKAc [102]. The consensus sequence was derived from KID domain of a PKA endogenous substrate CREB and sandwiched between CFP and YFP. The probe hence did not utilize any PAAD; upon phosphorylation of probe, decrease of FRET between CFP and YFP was observed (plateau achieved on the scale of 10 min). The authors reported that in biochemical assays, the probe featured KMapp and Vmax values that were similar to the characteristics of the endogenous CREB. Such in vitro control experiment, frequently omitted in the subsequent works, is helpful assessment of the impact of probe on the cellular pathways of target PK—as it is important to keep in mind that the overexpressed probe competes with endogenous substrates (Figure 3C). Furthermore, information on the kinetics of probe functioning (including rates of binding of probe to target PK or dephosphorylating phosphatase, rates of phosphorylation/dephosphorylation of the probe, and rates associated with conformational changes of probe closing/opening) is necessary in cases when rapid reporting is awaited in the subsequent in cellulo experiments.



The subsequent work by Kurokawa et al. reported probe Picchu for Abl [108]. In this probe, both the consensus sequence and the phospho-tyrosine binding domain were derived from the truncated sequence of protein Crk; again, flanking CFP and YFP were used as a FRET pair. In this case, phosphorylation of probe by Abl resulted in increase of FRET (a more usual scenario for PAAD-containing probes, as phosphorylation of the latter usually reduces distance between the fluorescent proteins located at the termini of the probe). Furthermore, a sequence responsible for localization of probe to the plasma membrane was introduced into the structure of probe; such localization of probe action by targeting of probes to various cellular compartments has been also extensively used in further studies [103,109].



Later, the development of genetically encoded phosphorylating-reporting probes was taken over by Tsien group. Ting et al. reported probes for Tyr PKs Src, Abl, and EGFR [110]; while the Abl probe was highly similar to the construct reported by Kurokawa et al. (except that full-length Crk was used), the probes for Src and EGFR incorporated SH2 domain followed by the linker and suitable consensus sequences. This type of probe design had then become prevalent in the subsequent studies reporting probes for other Tyr PKs (Figure 3A) [111,112,113,114].



Finally, in collaboration of Tsien and Taylor groups, a family of probes for Ser/Thr PKs had emerged, the so-called kinase activity reporters (KARs). The first generation of these FRET probes were developed for PKAc by Zhang et al.; modified Kemptide served as the consensus sequence, 14-3-3τ was used as the PAAD, and CFP/YFP was applied as the FRET pair [103]. In the next generations of the A-kinase activity reporters (AKARs), FHA1 was substituted for 14-3-3τ to ensure reversibility of the probe phosphorylation, and detailed research was undertaken to identify the FRET pair ensuring highest dynamic range [115]. AKARs have truly revolutionized the field of genetically encoded PK probes; based on the AKAR “core” design, similar probes for Akt/PKB (BKAR, AktAR and Aktus [116,117,118]), AMPK (AMPKAR [119,120]), JNK (JNKAR [121]), PKC (CKAR [122]), PKD (DKAR [123]), ERK family (EKAR and Erkus [124,125]) and other Ser/Thr PKs were generated (Figure 3A) [126,127,128,129,130,131,132,133]. Bipartite probes (termed kinase-inducible bimolecular switch, KIBS; see also Section 2.2) utilizing basic principles of AKAR design have also been reported [68]. In KIBS, an FP-tagged PAAD and a PK consensus sequence tagged with another FRET-supporting FP are expressed as separate constructs. By variation of consensus sequence in the second construct, monitoring of activity of multiple PKs using the same FP-tagged PAAD is achievable. However, application of bi- or multipartite probes by co-transfection of two or more separate plasmids may obscure measurement of FRET due to different expression levels of two proteins in different cells.



In recent years, Class 1A probes have been extensively used for exploration of PK signaling not only in cell lines and primary cells, but also tissues and even transgenic organisms [120,134,135]. The latter applications often take advantage of the bioluminescence phenomenon: instead of FRET pair of fluorescent proteins, a split luciferase protein is used for reporting of phosphorylation event [68,90,136,137]. The luciferase is split in two parts that are spatially distant in the open conformation of the non-phosphorylated probe, yet are able to reconstitute the bioluminescent core when brought into proximity by phosphorylation of probe and the following binding of phosphorylated consensus sequence to PAAD. In this way, phosphorylation of probe triggers massive increase of bioluminescence, and the signal intensity remains stable on an hour scale (provided that the supply of luciferase substrate is continued, and that the probe remains in the phosphorylated state).



From the very beginning of development of Class 1A probes, the authors have underlined the importance of performing necessary control experiments to make sure that the probe actually reports phosphorylation event and not spontaneous conformational changes associated with dynamical nature of proteins: see Table 1.




2.1.2. Class 1B


While the Class 1A probes are introduced into the cells in the form of plasmids and utilize cellular transcription and translation machinery for production of functional probes, an alternative approach uses pre-assembly of the probe “body” prior to introduction of the probe into the cell. Such pre-assembly may be accomplished either using organic synthesis, or by expression of the functional part of the probe in a suitable biological system, followed by purification and chemical labeling with a suitable fluorophore [138,139]. In this way, the probes representing Class 1B offer more versatility from the aspect of the choice of fluorophores (and, in principle, incorporation of non-natural amino acids to increase the proteolytic stability of the probes—although, to our knowledge, this possibility has not been used so far). On the other hand, the issue of internalization of the probe into the cells must be solved.



Apart from microinjection and electroporation, milder and arguably less “invasive” strategies can be used—which, however, pose certain limitations to the structure of probes. For instance, if a shorter peptide sequence is labeled with a fluorophore, the probe can rely on the hydrophobicity of the latter for internalization. Another option involves used of the so-called cell-penetrating peptide sequences (CPPs; such as CADY2 or Pep1), which can be incorporated into the structure of the probe [140,141], or mixed with the probe before applying in onto cells [139]. While utilization of the CPPs is tempting, one of the major risks associated with this strategy involves endosomal entrapment of the probe, as endocytosis is one of the major mechanisms of CPP delivery into the cells. Importantly, endosomes are disrupted upon fixation of the cells; hence, results of reports where probes are applied onto live cells, followed by fixation and only subsequent imaging, need to be considered with caution (see also remarks under Class 3A probes).



Another issue, frequently overlooked, is the fact that the covalently conjugated CPP can substantially alter the affinity and the selectivity of the probe. Furthermore, to overcome limited cell plasma membrane penetration, peptidic probes from Class 1B are often applied on cells at high concentrations (up to 20 μM; see Table S1). Noteworthily, recent studies have shown that compared to the extracellular milieu, the concentration of peptidic compounds in cells can be enriched up to 200-fold [53,54,142]. At millimolar concentrations, the probes will severely intervene with the intracellular pathways of target PKs by competing with the endogenous substrates (Figure 4C).



Compared to the genetically encoded constructs, probes from the Class 1B feature plethora of different designs and mechanisms for reporting the occurrence of phosphorylation event (reviewed before in [94,96]); here, we only focus on those that have been extensively applied in live cells. Most of probes incorporating the synthetic peptides rely on a local change in charge distribution in the proximity of the environmentally sensitive fluorophore [141,143,144,145]. In this case, phosphorylation of the probe triggers changes of emission spectrum, brightness, and/or fluorescence lifetime of the fluorophore. In cases when phosphorylation itself does not affect emission of fluorophore sufficiently, binding of phosphorylated consensus sequence of probe to PAAD can be applied. PAAD can be introduced into the system as a purified recombinant protein (using a suitable transport vector [139]), or PAAD natively present in the structure of the target PK can be utilized [141].



Alternatively, in the case of probes designed for monitoring of Tyr PKs, self-quenching phenomenon can be used (Figure 4B [146]). The non-phosphorylated Tyr residue within the consensus sequence serves as a static quencher for a fluorophore positioned spatially close to the quencher; phosphorylation of the probe disrupts interaction between the phenolic side-chain of Tyr and aromatic system of the fluorophore, causing increase in fluorescence of the latter. On the other hand, for probes reporting activities of basophilic Ser/Thr PKs, use of external non-conjugated negatively charged quencher is possible: upon phosphorylation of the probe, interaction between the quencher and the probe is weakened, triggering increase of emission intensity of organic dye incorporated in the probe [147].



The dynamic range of Class 1B probes reporting phosphorylation by enhancement of fluorescent intensity of single fluorophore is generally wider than that of FRET-based genetically encoded probes described under Class 1A. In the former, fluorescence intensity can change several folds, while, in the latter, change of FRET is in the range of below 50%. Utilization of only one channel for detection of Class 1B probes (except those containing two fluorophores [138,139]) solves the risk of cross-talk between the channels, yet deprives the data analysis of benefits of ratiometric measurement (unless FLIM technique is used [140,141]).



On the other hand, as pointed out above, the (semi)synthetic nature of Class 1B probes allows incorporation of specific functionalities, which are not limited with bright organic fluorophores: in recent years, the use of the so-called caged variants of Class 1B probes has gained popularity. Namely, derivatization of phosphorylatable amino acid side-chain with a photolabile group enables monitoring of probe action with high spatiotemporal resolution by uncaging a small local pool of probe using UV-light [145,146,147,148]. An obvious drawback of this strategy is using high energy photons for uncaging, which may damage the biological specimen upon prolonged irradiation. However, given the progress in the field of development of photolabile scaffolds and enhancement of spectral resolution of imaging techniques [149,150], the emergence of caged probes with minimal toxicity yet sufficient brightness is highly probable in the near future.





2.2. Class 2


This class features genetically encoded phosphorylatable probes that consist of the following building blocks:




	
a consensus sequence that can be recognized and phosphorylated by the target PK;



	
a nuclear localization sequence (NLS);



	
a nuclear exclusion sequence (NES); and



	
a fluorescent protein tag.








In its non-phosphorylated state, such probe is located in nucleus by virtue of incorporation of NLS. Phosphorylation of the consensus sequence, which is often accompanied by phosphorylation of NLS and/or NES motifs, results in translocation of probe from nucleus to cytoplasm (Figure 5). The mechanism triggering this translocation has not been unequivocally identified. It can be envisioned that binding of a target PK to the proximity of NLS masks the latter and thus NES can implement its effect. However, based on studies with the point-mutants where the phosphorylatable amino acid it is replaced with non-phosphorylatable Ala or negatively charged Glu (mimicking irreversibly phosphorylated state [151]), it more likely that incorporation of negative charge upon phosphorylation of the probe alters its interaction with nuclear import/export machinery.



The idea for development of Class 2 probes originated from the publication by Brunet et al. in 1999 reporting Akt/PKB-catalyzed phosphorylation of a fork-head transcription factor FKHRL1 that triggered retention of FKHRL1 in cytoplasm [153]. Based on the FP-tagged modified consensus sequences of fork-head transcription factors 1 and 3a, translocation probes for Akt/PKB have subsequently emerged [154,155,156,157]. Another pioneering translocation probe was developed by Giuliano et al. in 2003 [158]; the probe reported activity of PKAc and incorporated consensus sequence derived from CREB. Afterwards, Class 2 probes have been designed for Cdk2 (probe derived from a fragment of human DNA helicase B), Jnk (probe derived from a fragment of the transcription factor c-Jun), Erk1/2 (probe derived from Elk1) and p38 (probe derived from Mef2C) [151,159,160] (see Figure 5A). As with most genetically encoded Class 1A probes, the phosphorylation-induced signal change reported by most Class 2 probes achieves plateau on the scale of 10 min post PK activation.



A somewhat different kind of Class 2 probes is represented by the genetically encoded bipartite construct reported by Sample et al. [161]. It utilizes a design highly reminiscent of bipartite constructs reported under Class 1A (KIBS); one part of the probe contains phosphorylatable consensus sequence (in the reported case, Kemptide) attached to the plasma membrane, and the other part is formed by conjugation of PAAD with a reporter unit. Upon phosphorylation of the first part of the probe by a target PK (in the reported case, PKAc), the second part of the probe is recruited to the membrane. Dependent on the needs of the assay, the reporting unit might be altered (the authors report application of either FP tag or enzymatic tag); in addition, if an FP tag is also incorporated into the first part of the probe, the detection can occur via FRET measurement.



The benefits and drawbacks of Class 2 probes have been considered in detail by the earlier reviews [96,152]. A remarkable advantage of Class 2 probes is that despite incorporation of only one FP tag (in most cases), the measurement can be performed in a ratiometric format by quantifying fluorescence intensity in cytoplasm versus nucleus. The need for use of only one channel per one probe also means that probes for several PKs can be co-transfected for the simultaneous monitoring of several intracellular pathways. In addition, lack of PAAD in the structure of most Class 2 probes improves the availability of phosphorylated consensus sequence for protein phosphatases, thus ensuring more adequate reporting of intracellular balance of kinase versus phosphatase activity.



On the other hand, phosphorylation of just one residue within the probe might be insufficient for its relocalization, hence the consensus sequence often has to be altered significantly; this, in turn, necessitates performance of detailed selectivity studies to ensure that the probe is responsive to the targeted PK only. Furthermore, results of measurements can be obscured by the incomplete translocation of the probe; hence, calibration of PK activity versus probe response must be performed in advance. Another obvious limitation for Class 2 probes utilizing NLS/NES is that only PKs residing in nucleus (or diffusing freely between the cytoplasmic and the nuclear compartment) can be successfully monitored.



Class 2 probes can be easily confused with another type of probes that change cellular localization as a response to binding to secondary messenger that becomes available upon activation of a certain intracellular pathway. Because the latter situation in fact represents an event upstream of PK activation, we highlight such probes as Class 4A probes in Section 2.4.




2.3. Class 3


Contrary to the classes of probes discussed before, probes of Class 3 do not report phosphorylation event. Instead, they report presence of the target PK—which, in most of the cases, must adopt active conformation, so that the probe can bind to it (Figure 6B).



In the case of Classes 3A and 3B, binding of probes results in local enrichment of the fluorophores incorporated in the probes in a certain cellular location characteristic for the target PK. This enrichment can be distinguished from the background either after washout of the probe, or by virtue of change of photoluminescence properties of the probe associated with its binding to the target PK. Importantly, in recent years, use of Class 3A and Class 3B probes for theranostics and fluorescence-guided surgeries has been extensively explored [82,83,162,163].



In the case of Class 3C, probe is formed by application of a genetically encoded FP-tagged kinase and a synthetic labeled construct binding to it.



2.3.1. Class 3A


Class 3A probes consist of a small- or medium-molecular-weight sensing fragment (e.g., a PK inhibitor) labeled with a fluorophore (usually, organic dye). The sensing fragment selectively recognizes the target PK(s) and binds to it by forming a subset of selective interactions, which usually leads to blockage of catalytic function of the target (Figure 6C). Most Class 3A probes bind reversibly, and can undergo repeated cycles of association to and dissociation from the target PK. A question remains, however, whether the PK-bound probe reports the presence and the location of active or inactive PK.



The answer to this question depends on the structure of the sensing fragment of the probe, and on the residence time of the probe in complex with target PK. According to the widely used classification of PK inhibitors, Type I inhibitors dock into the ATP-binding site of the PK that resides in the active conformation; Type II inhibitors, on the other hand, additionally utilize pockets adjacent to the ATP-binding site, and exploit inactive conformation of the target PK [164,165]. However, there is an ongoing debate considering the fact whether Type II inhibitors select the small pool of the PK molecules that already reside in an inactive conformation, or it is rather binding of Type II inhibitor that induces conformation change of PK molecule. Next, there are also pseudo-substrate-type inhibitors that utilize the substrate-site of PK and cannot bind to autoinhibited conformations of PKs where the substrate site is blocked. Finally, bisubstrate-analog inhibitors incorporate fragments that can bind to both ATP- and substrate-binding site of PK, and hence need to compete with intracellular ATP as well as endogenous substrate for binding. While it is possible that only one fragment of the bisubstrate-analog inhibitor gets bound to the suitable site in PK molecule [166], simultaneous binding of both fragments is thermodynamically favored. Therefore, bisubstrate-analog inhibitors bind preferentially to PKs residing in sufficiently open conformation.



The residence time of inhibitor, on the other hand, determines how quickly the equilibrium in the inhibitor-containing biological system will be established, and whether duration of PK blockage of is sufficient to trigger possible relocation of the inhibitor-bound PK. Because the equilibrium Ki value of the inhibitor can be expressed as the ratio of its dissociation and association rate constants, inhibitors with similar Ki values can be endowed with very different kinetic properties. While prolonged dissociation kinetics of inhibitor is generally desirable in the case of drug development (because long residence time of drug can contribute to its so-called temporal selectivity), this property might pose issues in case of probes, especially if reporting of quick PK-related processes is anticipated.



Another important aspect in development of Class 3A probes is that while it is tempting to extrapolate properties of the sensing fragment to the whole probe, conjugating of the label with the inhibitor can result in significant change of characteristics of the latter [79,167,168]. Therefore, it is of utmost importance to establish affinity, kinetics, selectivity and cell membrane-penetrating properties of the probe after it has been fully assembled.



As with synthetic peptides described under Class 1B probes, internalization into live specimen can pose challenge for Class 3 probes as well (except for probes targeting extracellular portion of PKs [169,170]). Different approaches have been used to overcome this issue, including application of cell membrane-penetrating peptides [171] and derivatization of probes with functional groups that are cleaved by intracellular enzymes upon delivery of the probe into live cells (so-called prodrug strategy [172]). Probes utilizing smaller hydrophobic sensing fragments and non-polar fluorophores can cross cell plasma membrane on their own [83,84,163,173], although there is a risk that the probe is recruited into the hydrophobic layer instead of reaching target PK in the cytoplasm. In certain cases, assembly of probe in cellulo has been reported, where the probe was first sent into cells, followed by application of fluorophore containing selective reactive moiety [174,175]. It has also been shown that the fluorescent label incorporated in probe structure can affect efflux of probe from the cells [176]. On the other hand, intracellular accumulation of probe is possible to the levels that are up to two orders of magnitude higher than the extracellular concentration of the compound [53,54]; in this case, significant depletion of the target PK pool by the probe can occur, affecting the phosphorylation of the endogenous proteins.



However, the possibility to utilize the vast chemical space of PK-targeting scaffolds, and the relatively non-laborious protocols associated with application of synthetic compounds (i.e., as opposed to the genetically encoded probes) have contributed to the gain of popularity of Class 3A probes. A list of Class 3A probes targeting various PKs is presented in Table S2 (see also Figure 6A).



In older reports, detection of probe binding to the target was mainly performed by assessment of the characteristic localization of the fluorescence signal, corresponding to the preliminarily established localization of the target PK. Such approach suffers remarkably from the background signal of the unbound probe, which is only somewhat reduced by the repeated washing procedures. In some cases, fixation of cells was performed after application of probes to reduce the background signal and to confirm selectivity of probe binding by co-localization with immunofluorescent staining [177,178,179,180,181]. However, fixation is associated with disruption of membrane structures, which can give rise to significant artifacts in imaging: the localization of the probe before and after fixation may differ drastically. Therefore, importance of fluorogenic dyes and probes that gain photoluminescence upon binding to PK has been recognized in recent years [72,84,163,182,183,184].



As discussed above, for the sake of the possibility to restore the native-like state of the system, most Class 3A probes utilize PK-sensing fragments that do not bind covalently. However, a subset of probes utilizes irreversible inhibitors that can form covalent bonds with certain hot-spots in the PK core (usually Cys residues), resulting in permanent labeling but also inactivation of the labeled kinase [182,185,186]. In the case of photoaffinity probes, formation of covalent complex between the target PK and the probe can be triggered by a flash of UV-light that causes transformation of a certain functional group incorporated in the probe structure (e.g., aromatic azide or diazirine) into highly reactive radical species [178,179,180,187,188]. In addition, some probes can be constructed in such a way that the PK-sensing fragment is sent into the live cells, linked irreversibly to its target and labeled with a suitably functionalized reagent—such as a fluorescent dye, or a biotin conjugate. This approach, termed affinity-based protein profiling (ABPP), is useful for the pull-down of target PK together with its binding partners and/or scaffolding proteins, which can be subsequently identified using proteomics. ABPP probes are of smaller value in the context of monitoring PK pathways using imaging techniques, as it is difficult to define as “active” a PK that has been permanently inactivated as a result of the labeling event; however, information on localization and trafficking of the “chemically tagged” PKs can be obtained. In addition, because ABPP probes can be used for assessment of selectivity of non-labeled inhibitors, the former can feature a relatively wide selectivity profile which excludes their use as selective imaging reagents.




2.3.2. Class 3B


Another class of binding-responsive probes utilizes larger molecules for recognition of the target PK, typically antibodies or their analogs (e.g., affibodies, monobodies [78,80,81,189,190,191,192,193]), but also endogenous binding partners [78,190,194]. These PK-sensing entities can be produced in suitable biological systems, purified and then labeled with organic dyes or quantum dots. Such constructs can be delivered into cells using microinjection [193], although, more commonly, those are used for reporting activities of receptor Tyr PKs where binding event occurs between the probe and the extracellular part of the receptor [78,80,81,82,162,190,191,192]. Alternatively, Class 3B probes can be used as genetically encoded constructs tagged with FPs, in which case probes are easily utilizable for reporting activity of intracellular PKs [189,194].



Examples of Class 3B probes featuring various PK-sensing fragments are listed in Table S3 (see also Figure 6A). As an exception, the probe incorporating antibody recognizing phosphorylated Ser10 of histone H3 is included in the table; differently from the rest of the listed scaffolds, this probe is phosphorylation-responsive, and from this aspect bears more similarity with the probes listed under Class 1 [195].



As in the case of Class 3A, minimalization of background signal originating from the non-bound probe is also required in the case of Class 3B probes. For constructs targeting extracellular domains of PKs, extensive washing procedures can be utilized to remove the excess of the probe, taking additional advantage of the fact that antibodies usually possess long residence times in complex with their targets. Fluorescence lifetime imaging has also been applied, where the population of bound and unbound probe can be distinguished according to the altered lifetime of some fluorophores [80]. In some reports, environmentally sensitive fluorophores and special fluorescence-enhancing scaffolds have been incorporated in the structure of Class 3B probes [192,193]. In recent years, the field has also profited from the cutting-edge microscopic techniques like uPAINT where real-time binding of selected population of probes to targets is monitored [78,196].



Due to development of a unique pattern of interactions between the PK-sensing fragment and the target PK, Class 3B probes are potentially endowed with extremely high selectivity. On the other hand, the question of recognition of only active pool of target PK (discussed above) is especially valid in the case of Class 3B probes. Endogenous ligands, certain monoclonal antibodies and their analogs are able to distinguish between the active and inactive conformations of their target [193]; however, in most cases, Class 3B probes report rather on the amount of expressed PK than its activity. Furthermore, binding of such large molecule as antibody can result in (partial) unfolding of the target PK, loss of its catalytic activity and/or interactions with the endogenous binding partners. Finally, incorporation of large protein scaffolds naturally makes Class 3B probes more sensitive to the environmental conditions than Class 3A probes; thus, care needs to be taken when handling the former to avoid denaturation or proteolytic degradation.




2.3.3. Class 3C


In principle, selectivity of detection of either Class 3A or Class 3B probe can be easily elevated by utilizing FRET-pairing with the FP-labeled target PK. While bipartite design complicates understanding of influence of such probes on intracellular equilibria, those are well applicable for profiling of selectivity of inhibitors and studies of protein-protein interactions in complex environment. There are multiple designs that could belong under definition of a Class 3C probe; here, we highlight only two of those.



One of the pioneering works in the field of application of fluorescently labeled antibodies in live cells was published in 1999 by Ng et al. [197], and reported use of Cy3.5-labeled antibody that recognized a phosphorylated site on PKCα (phospho-Thr250). Fluorescence lifetime imaging confirmed that the microinjected antibody constituted FRET pair with the GFP-tagged PKCα. Because reversible phosphorylation of Thr250 of PKCα reflects activation state of the PK, the probe could be used for monitoring of efficiency and kinetics of PKCα activators, and potentially dynamics of pathways inactivating PKCα.



An example of combination of small-molecular weight labeled tracer and tagged PK is represented by the recently reported BRET-based system for in cellulo assessment of selectivity, affinity and binding kinetics of non-labeled PK inhibitors [92,93]. The PK of interest is tagged with NanoLuc, a 19 kDa luciferase, and can be recruited to a suitable intracellular location using additional localizing sequences. The tracer consists of a PK inhibitor (with a relatively wide selectivity profile, which includes the PK of interest) labeled with organic dye (an analog of Bodipy, so-called NanoBRET 590). In the presence of cell-permeable NanoLuc substrate, BRET occurs between the two constructs, whereas it can be disrupted in the presence of a non-labeled inhibitor targeting PK of interest. Using combinations of six different tracers with 178 NanoLuc-tagged PK constructs, the authors have achieved remarkable coverage of the human kinome.



Just as well as the bipartite probes can combine advantages of utilization of both constructs, those can also combine drawbacks associated with simultaneous application of two non-endogenous molecules. The issues related with Class 3A and 3B probes are discussed above; the risks related to overexpression of tagged PKs are discussed under the next Section (Class 4A probes).





2.4. Class 4


All of the aforementioned classes of probes indicate presence of the active PK of interest in the milieu either by reporting binding event to the target, or the phosphorylation reaction performed by such target. According to our classification, probes belonging to Class 4 instead report presence of molecules responsible for activation of PKs of interest, or monitor certain physiological outcomes associated with downstream signaling of PK of interest.



2.4.1. Class 4A


As noted above, Class 4A features several probes that are structurally highly similar to Class 1A; however, while the latter probes incorporate a consensus sequence that is derived from a substrate of the target PK, the former probes utilize the phenomenon of autophosphorylation. In the majority of PKs, autophosphorylation occurs in response to binding of an activating molecule. Hence, probes of Class 4A usually comprise the following fragments:




	
a domain responsible for binding of the activating molecule—e.g., a secondary messenger (such as diacylglycerol (DAG) or phosphatidylinositol (3,4,5)-trisphosphate (PIP3)), or a regulatory protein (such as calmodulin or EGF);



	
a catalytic core of the target PK, including autophosphorylatable region;



	
a phospho-amino acid recognizing domain (PAAD); and



	
a FRET pair of fluorescent proteins.








Binding of an activating molecule to PK alleviates autoinhibition within the latter and promotes phosphorylation of activation loop; phosphorylation-triggered opening of the catalytic cleft completes sequence of conformational changes in PK core (Figure 7B). Conformational changes, in turn, manifest themselves as change in FRET between the FP tags attached to the PK. Similarly to Class 1A probes, PAAD can be omitted from the structure of Class 4A probes, if conformational change associated with autophosphorylation of the PK domain is sufficiently pronounced to trigger FRET change [198,199,200]. On the other hand, the domain responsible for binding secondary messenger, as well as PAAD may constitute part of the native sequence of PK of interest.



For instance, the design of Class 4A probes reporting autophosphorylation event associated with binding of an activating molecule has taken advantage of catalytic domains MLCK and CaMKII (both react to the presence of CaM [198,199]) and EGFR (reacts to the presence of EGF [202]). The family of probes based on CaMKII, named Camuiα, also includes members incorporating a non-radiative FRET acceptor sREACh in their structure, which quenches donor GFP in the absence of CaM, thus reducing background signal of CaM-unbound probe [71,203]. In the case of Tyr PKs, bipartite probes have also been reported where FRET is measured between two differently tagged molecules of Met upon HGF-induced dimerization [67]. Another unusual probe is derived from the full-length Aurora A [200]; while it utilizes the classical reporting mechanism, it is unclear what activating mechanism triggers autophosphorylation of this PK (although interactions with localizing proteins such as TPX-2 [204] and control by phosphatases [205] have been suggested as possible mechanisms limiting autophosphorylation of Aurora A). Furthermore, the probe derived from Lck (triggered by the upstream T-cell receptors) exceptionally reports activating dephosphorylation, associated with opening of the conformation of Lck [206].



Presence of an activating molecule incorporating lipid chain can also trigger translocation of downstream PKs from cytosol to the cell membrane, where further PK activation steps occur. This phenomenon has been utilized to enhance selectivity of detection in Class 4A probes derived from Akt/PKB (so-called Akind probes; report presence of PIP3 [201]), PKCδ (report presence of DAG [207]) and FAK (report presence of PIP3 and possibly other focal adhesion molecules [208,209]).



A somewhat different design is also featured by probes derived from cyclic nucleotide-dependent PKs. The cAMP-sensing probe derived from PKA are multipartite: PKA holoenzyme consists of two catalytic subunits (PKAc) and a dimer of regulatory subunits (PKAr2), and dissociation of holoenzyme occurs upon binding of cAMP. The pioneering works used labeling of purified PKAc and PKAr with suitable organic dyes and microinjection of the obtained constructs into the cells [210,211]; subsequently, genetically encoded bipartite probes consisting of PKAr-CFP and PKAc-YFP were reported [65,212]. The cGMP-sensing probe, in turn, takes advantage of PKGI, where regulatory and catalytic parts of PK are incorporated into one chain [213]. Importantly, the authors demonstrated that binding of cGMP induces large conformational change within the probe even in the absence of autophosphorylation event; therefore, inactive PK domain could be incorporated into the structure of the probe.



While mechanism behind reporting of Class 1A and 4A probes can be relatively similar, those classes of probes have a profoundly different effect on intracellular pathways: Class 1A serves as a protein substrate, while Class 4A (once activated) usually serves as an active kinase. Therefore, while Class 1A probes can reduce rate of phosphorylation of endogenous substrates, Class 4A can vastly enhance rate of phosphorylation reactions (Figure 7C). To reduce possible artifacts originating from over-expression of PK, possibility of utilization of kinase-dead mutants should always be explored in the case of Class 4A probes. Even if functioning of probe presupposes autophosphorylation, it is necessary to establish whether the system can rely on trans-phosphorylation performed by the endogenous PK of interest.




2.4.2. Class 4B


Given the physiological importance of PKs, it is often possible to trace activation of a certain PK pathway to the events lying downstream in the signaling—such as changes in gene expression [214], cell morphology [215,216], cell cycle stage [217], or triggering of programmed cell death [218,219]. There are numerous possibilities for monitoring of these physiological events, and principles behind design of Class 4B probes cannot be easily generalized. However, it is important to keep in mind that even probes reporting most downstream events of PK signaling can interfere significantly with the intracellular equilibria: probes intercalating into DNA may alter repair mechanisms and gene expression, probes binding to cytoskeleton may influence dynamics of tubulin and actin (de)polymerization, probes indicating activity of caspases may temporarily preclude degradation of endogenous proteins, and so on. Therefore, usual precautions—such as application of a set of proper positive and negative controls; optimization of probe concentration, incubation and imaging time; and utilization of several cell lines and alternative monitoring techniques—should be taken to ensure adequacy of the obtained data.






3. Conclusions


As an experimental scientist, one usually faces an inevitable paradox: to examine the system, one has to alter it. This is especially critical if the research object is biological, as the level of complexity of such system presupposes either dramatic oversimplification of its properties to generate a feasibly examinable model, or introduction of non-native detectable entities which might interfere with the functioning of the system of interest. While artifacts can hardly be totally avoided, the awareness of the risks associated with use of certain methods or tools facilitates the choice of the least harmful scenario. Here, we provide a closer look at the pros and cons of application of photoluminescent probes and light microscopy to dissect phosphorylation-triggered pathways in live mammalian cells.



According to the classification of probes used in this publication, the constructs typically used for monitoring of PK functioning are phosphorylation-responsive (Class 1 and 2), binding-responsive (Class 3), or report events upstream or downstream of signaling of PK of interest (Class 4). The probes can respond to the aforementioned processes by changes in either fluorescent intensity (e.g., by utilizing FRET or static quenching phenomena) or localization in cell (especially pronounced in the case of Class 2 probes). The sub-classification of Class 1 considers whether the main body of probe is assembled outside the cell where the imaging is carried out, or is introduced into the cell as a genetically encoded construct. The sub-classification of Class 3, on the other hand, is based on the size and chemical structure of PK-sensing fragment. For each class and sub-class of probes, we outlined characteristic aspects that need to be taken into account for successful application of probes in cellulo.



Mapping of the reported probes onto the human kinome tree (Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7) shows that for a large proportion of protein kinases, probes have not yet been uncovered, and emergence of novel scaffolds is awaited for selective, effective and minimally biased imaging of multitude of PK pathways in their natural milieu.
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Figure 1. Example of spatial structure of complex between PK, ATP, peptide substrate, and a regulatory protein (based on PDB 1QMZ). (A) PK (CDK2) is shown as grey cartoon, regulatory protein (cyclin A) as cyan cartoon, MgATP as colored spheres, and substrate as colored sticks. The distant site on cyclin A responsible for recognition of longer protein substrates is indicated with black dotted oval. (B) The same complex as in (A), but MgATP and substrate peptide are hidden for clarity. The catalytically important Lys residue (mentioned in text) and activation loop are highlighted in red and Lys and phospho-Thr in the activated loop are shown as lines. 
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Figure 2. Relative sizes of different fluorophores. Coordinates for spatial structures of GFP and firefly luciferase were obtained from PDB 1EMA and 1LCI, respectively. Figure adapted from [37]. 
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Figure 3. Class 1A probes. (A) Human PKs for which Class 1A probes (red circles) have been reported (kinome tree adapted from [104], illustration generated by analog of software available at [105]). (B) Principle of functioning of a Class 1A probe containing PAAD (adapted from [96]). (C) Probe competes with the endogenous substrate for phosphorylation. PK, protein kinase; PP, protein phosphatase. 
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Figure 4. Class 1B probes. (A) Human PKs for which Class 1B probes (blue circles) have been reported (kinome tree adapted from [104], illustration generated by analog of software available at [105]). (B) Principle of functioning of a self-quenching probe (adapted from [96]). (C) Probe competes with the endogenous substrate for phosphorylation. 
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Figure 5. Class 2 probes. (A) Human PKs for which Class 2 probes (yellow circles) have been reported (kinome tree adapted from [104], illustration generated by analog of software available at [105]). (B) Principle of functioning of a Class 2 probe (adapted from [152]). 
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Figure 6. Class 3A and Class 3B probes: kinome coverage and principle of functioning. (A) Human PKs for which Class 3A (green circles) or Class 3B (magenta circles) probes have been reported (kinome tree adapted from [104], illustration generated by analog of software available at [105]). (B) Example of Class 3A and Class 3B probe gaining photoluminescence after binding to target PK. (C) Effect of Class 3A and Class 3B probes on phosphorylation of endogenous substrates; blunt-end arrow denotes inhibition. 
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Figure 7. Class 4A probes: kinome coverage and principle of functioning. (A) Human PKs for which Class 4A probes (brown circles) have been reported (kinome tree adapted from [104], illustration generated by analog of software available at [105]). (B) Class 4A probes incorporate tagged PK, which performs autophosphorylation upon binding of an activating molecule (denoted as X). (C) Effect of Class 4A probes on phosphorylation of endogenous substrates (adapted from [201]). 
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Table 1. Control experiments necessary for characterization of Class 1A probes.
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Biochemical Assays

	
In cellulo Assays






	
Phosphorylation assay in the presence/absence of dilution series of target PK

	
Utilization of probe in a cell line with low endogenous expression of target PK, in the presence/absence of the overexpressed target PK




	
Phosphorylation assay in the presence of target PK and in the presence/absence of a dephosphorylating phosphatase 1

	
Utilization of probe in conditions where the target PK knocked down/out




	
For probes utilizing FRET phenomenon, phosphorylation assay in the presence of target PK and in the presence/absence of a protease that does not degrade fluorescent proteins but cuts the probe (to establish minimal level of FRET)

	
Utilization of probe in conditions where the kinase-dead mutant of the target PK is overexpressed




	
Application of selective activators and inhibitors of target PK, and corresponding compounds that should affect closely related PKs yet not the target PK




	
Use of a point-mutated probe variant as a negative control where the non-phosphorylatable amino acid is substituted for the Ser, Thr or Tyr contained in the consensus sequence.




	
For probes that contain PAAD, introduction of point-mutations to the crucial positions of PAAD domain should also be considered to provide another set of negative controls that can be phosphorylated by target PK, yet recognition of the phosphorylated sequence by PAAD is disrupted.




	
Use of a truncated probe variant as a negative control where one of the fluorescent proteins is omitted




	
For probes utilizing FRET phenomenon, acceptor photobleaching experiment to monitor presence/absence of increase of fluorescence intensity of donor fluorophore dependent on the assay conditions used








Green highlight: control of phosphorylation event reporting; pink highlight: control of optical properties; blue highlight: control of selectivity. 1 Screening of several protein phosphatases might be necessary (see [103]).
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