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inases are crucial nodes in the signaling network and emerging drug targets of the 21st century (1). Highthroughput screening with various kinase targets (2, 3) has been an effective approach for the identiﬁcation of new leads for drug development and pharmacological probes for mechanistic studies. We sought to develop a new method for live-cell, highthroughput screening that is generally applicable to most, if not all, kinase targets within the kinome (Figure 1, panel a). This live-cellbased screening method should be ideally suited for examining dynamic responses of endogenous kinase targets, for evaluating drug candidates that ultimately perform within cellular environments, and for identifying compounds with unique mechanisms of action (3). Furthermore, such a method may be extended to follow multiple components of kinase-mediated signaling pathways to screen for pathway modulators. In this context, we chose to focus on protein kinase A (PKA) (4, 5) and the cyclic adenosine monophosphate (cAMP)/PKA pathway downstream of many G-protein coupled receptors (GPCRs), which represent one of the largest classes of current drug targets (6). Dynamic tracking of speciﬁc kinase activity in living cells can be provided by a class of genetically encoded reporters based on FRET (7, 8), which offers sensitive ratiometric ﬂuorescence readout, precise molecular targeting, and high spatiotemporal resolution www.acschemicalbiology.org



compared to other ﬂuorescent kinase sensors (9). A general modular design for such kinase activity reporters based on a phosphorylation-dependent conformational switch has been successfully applied to many serine/threonine and tyrosine kinases, with many more under development (8). Although these FRET-based reporters are powerful tools for monitoring kinase activities in single-cell imaging, their tremendous value cannot be fully realized without a high-throughput compatible assay platform. To extend the application of these live-cell imaging tools to high-throughput screening, we tested the ratiometric readout of A-kinase activity reporter (AKAR) (10), in a high-throughput plate reader format. This assay format, when combined with the use of kinase activity reporters, is expected to allow simple, fast, and convenient highthroughput reading of dynamic kinase activities with high spatiotemporal resolution. Promising results were obtained using a recently reported version of the AKAR reporter, AKAR2 (11) (not shown), although the Z= factor (12), which compares the assay dynamic range to data variation, is ⬍0.5, making this particular reporter unsuitable for high-throughput screening. We rationalized that further improvement of sensor dynamic range would be necessary for application of AKAR in highthroughput format, as such assays are often affected by cell–cell heterogeneity and loss of sensitivity for averaged signals. By opti-



A B S T R A C T Protein kinases, as crucial signaling molecules, represent an emerging class of drug targets, and the ability to assay their activities in living cells with high-throughput screening should provide exciting opportunities for drug discovery and chemical and functional genomics. Here, we describe a general method for high-throughput reading of dynamic kinase activities using ratiometric ﬂuorescent sensors, and showcase an example of reading intracellular activities of protein kinase A (PKA) and the cyclic adenosine monophosphate (cAMP)/PKA pathway downstream of many G-protein coupled receptors (GPCRs). We further demonstrate the ﬁrst compound screen based on the ability of compounds to modulate dynamic kinase activities in living cells and show that such screening of a collection of clinical compounds has successfully identiﬁed modulators of the GPCR/cAMP/ PKA pathway.
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Figure 1. A high-throughput activity assay based on the improved AKAR. a) Scheme of using live-cell, high-throughput assays based on FRET reporters (e.g., AKAR) for drug screens, pharmacological proﬁling, and functional genomics studies. b) A representative time course of emission ratio (yellow/cyan) change of AKAR3, indicated by pseudocolor images. A HEK-293 cell expressing AKAR3 was stimulated with 1 M ISO, followed by 50 M Fsk, and Calyculin A, a phosphatase inhibitor. c) Representative data from ﬁve independent runs in 96-well format showing emission ratio (yellow/cyan) changes of AKAR3 in HEK-293 cells treated with ISO, Fsk, and 2% DMSO. d) Representative data from three independent runs showing emission ratio (yellow/cyan) changes of AKAR3-NES in HEK-293 cells treated with indicated drugs. The inset shows a representative ﬂuorescence image of cells expressing AKAR-NES. Error bars represent standard deviation (n ⴝ 3).



mizing the change in distance (11) and orientation (13) between donor-acceptor ﬂuorophores (M. Allen, J. Zhang, Johns Hopkins, unpublished data), we generated an improved version that doubled the response amplitude of AKAR2 (Supplementary Figure 1). This reporter, AKAR3, was tested in a 96-well plate format. As in single-cell imaging (Figure 1, panel b), addition of ␤-adrenergic agonist isoproterenol (ISO) to HEK-293 cells expressing AKAR3 in 96-well plates induced an increase in yellow-to-cyan emission ratio of 22.1% ⫾ 0.7% (n ⫽ 3), followed by a slight decrease (Figure 1, panel c). When cells were treated with adenylyl cyclase activator forskolin (Fsk), sustained responses were observed with an average emission ratio change of 25.7% ⫾ 0.7% (n ⫽ 3). As negative controls, addition of buffer or 2% dimethyl sulfoxide (DMSO) generated minimal changes in emission ratios. This 96-well plate assay was sensitive and reproducible, with an S/N ratio of 30.3, a Z= factor of 0.84, and a coefﬁcient of variation (CV) of 1.8% for the Fsk-stimulated response. 372



VOL.1 NO.6 • 371–376 • 2006



CV measures the variability around the mean in relation to the size of the mean and, along with the Z= factor, provides statistical evaluation of the assay. Kinase activities are often spatially compartmentalized (14), and compounds targeting spatiotemporal regulation of kinases could be new classes of modulators. To provide speciﬁc readout of compartmentalized PKA activities, we took advantage of the genetic targetability of such activity reporters and introduced a C-terminal nuclear export signal (NES) to AKAR3. In the plate reader assay using AKAR3-NES (Figure 1, panel d), cytosolic PKA activity was recorded without contamination of nuclear activity, which has slower kinetics (10) due to diffusional translocation of the catalytic subunit from cytosol to nucleus. As a result, ISO stimulated a larger increase in emission ratio followed by a more rapid decrease than that in the AKAR3 assay (Figure 1, panel d). The maximum signal for the assay also improved, showing a ratio change of 37.8% ⫾ 3.2% (n ⫽ 3). Thus, sensor targeting has ALLEN ET AL.



led to increased temporal and spatial resolution. This technique could be used to reveal how individual signaling microdomains, such as kinase-containing signaling complexes (14), are affected by drugs or other perturbations. This adds another level of capacity to these nonimage-based, highthroughput assays. To follow the activity of the signaling pathway and to assay related drug targets in parallel, we further sought to develop a livecell-based, high-throughput assay for cAMP, a second messenger that is generated via activation of Gs-coupled GPCRs and exerts its effects by activating PKA and other effectors (4). Similar approaches for improvement were applied to create a reporter that more than doubled the response of previous Indicator for cAMP Using Epac (ICUE) (15), which generates a decrease in FRET upon binding of cAMP (Supplementary Figure 2). When tested in plate reader format, this improved version ICUE3 showed consistent responses to ISO, which were inhibited by cotreatment with ␤-adrenergic antagonist propranolol (Pro) (Figure 2, panel a). A maximum response of 24.1% ⫾ 2.7% was obtained with Fsk stimulation in the presence of 100 M 3-isobutyl-1-methylxanthine (IBMX), a phosphodiesterase (PDE) inhibitor (Figure 2, panel b). This ICUE assay leaves room for improvement with a Z= factor of 0.51, an S/N ratio of 17.8, and a CV of 12%. Possible sources of the variation and reduced signal are transfection efﬁciency and expression variability. Indeed, experiments using a stable cell line showed signiﬁcant improvement of the assay, indicated by a maximum response of 43.3% ⫾ 2.3% (n ⫽ 3) and a Z= factor of 0.78. Thus, a live-cell, high-throughput cAMP assay was developed as a functional assay for Gs-coupled GPCRs (6), demonstrating both the assay platform and sensor improvement strategy could be generally applicable. The development of activity assays for the cAMP/PKA pathway allowed for parallel kinetic proﬁling of a panel of agonists and www.acschemicalbiology.org



LETTER Figure 2. High-throughput activity assays for cAMP and PKA in pharmacological proﬁling. a) and b) Representative data from ﬁve independent runs showing emission ratio (cyan/yellow) changes of ICUE3 in HEK-293 cells treated with indicated drugs. 1 cycle ⴝ 92 s. c and d) Representative data from ﬁve independent runs showing emission ratio (yellow/cyan) changes of AKAR3 in HEK-293 cells treated with indicated drugs, ISO, Fsk, IBMX, Pro. 1 cycle ⴝ 64 s. Error bars represent standard deviation (n ⴝ 3).



antagonists, revealing their differential effects on PKA activity and cAMP dynamics. ISO-induced responses can be inhibited by 10 M Pro (Figure 2), which had no effect on Fsk-stimulated responses. Supplementing www.acschemicalbiology.org



IBMX sustained responses and increased their amplitude, indicating PDEs play an important role in switching off cAMP/PKA signaling in this cell system. Addition of H89, a PKA inhibitor, diminished the Fskstimulated response of AKAR3 but not that of ICUE3 (Figure 2, panels b and d). Interestingly, H89 increased the ICUE3 response, similar to the effect caused by combination of Fsk and IBMX (Figure 2, panel b). Conﬁrmed by single-cell imaging (not shown), this ﬁnding suggests that disruption of a feedback loop possibly involving PKAdependent activation of PDE and/or inhibition of adenylyl cyclase (16) could directly contribute to enhanced cAMP accumulation. Thus, use of these assays allows parallel evaluation of key targets in the same signaling pathway and should facilitate understanding of complex drug effects. Upon development of these live-cell, high-throughput activity assays, a new collection of Food and Drug Administrationapproved drugs and other clinically relevant compounds, the Johns Hopkins Clinical Compound Library (17), became available, which lent itself to the ﬁrst compound screen based on the ability of compounds to modulate dynamic kinase activities in living cells. Such screening could identify clinical compounds that activate or inhibit PKA by affecting GPCR/cAMP/PKA signaling pathway, which may provide new insight into their clinical effects and point to new opportunities of developing more effective drugs that capitalize on their abilities to modify the activity of this pathway.



In the primary screening, 160 compounds, a subset of the library (see Supporting Information), were added to AKAR3expressing HEK-293 cells in individual wells of 96-well plates to a ﬁnal concentration of 10 M after a base line reading. Time courses were recorded to monitor any ﬂuorescence changes upon drug addition and to identify hits that activate PKA as potential agonists. A standard agonist, for example ISO, was then added to all wells, and changes in emission ratios were calculated to identify compounds that inhibit such changes as potential antagonists. Screening using ICUE stable cells was performed in 96-well plates in a similar fashion (see Supporting Information). Of note, both agonists and antagonists could be identiﬁed in one primary screening, and some kinetic information can be obtained that facilitates early and direct characterization of hits. Most drugs caused no stimulation or inhibition of AKAR responses (Figure 3). In some cases, abnormal ﬂuorescence changes were observed upon addition of compounds to the cells, which correlated with their ﬂuorescent or colorimetric properties or toxicity. Potential agonists (Figure 3, panel a) were identiﬁed and individually evaluated. Three compounds that stimulated AKAR responses on their own without generating abnormal ﬂuorescence changes in individual channels were identiﬁed as ISO, ritodrine, and epinephrine. Unsurprisingly, ISO, a general ␤-adrenergic agonist, was identiﬁed as an agonist from the library. Also a well-known adrenergic agonist, epinephrine activates both ␤-adrenergic receptors (␤-AR) and ␣-adrenergic receptors. In ␤2ARexpressing HEK-293 cells, 10 M epinephrine stimulates cAMP production and PKA activation, as conﬁrmed by single-cell imaging experiments (Figure 3, panel c). On the other hand, ␤2AR-speciﬁc agonist ritodrine stimulated a moderate and gradual response in HEK-293 cells expressing AKAR3, when tested in single-cell imaging (Figure 3, panel d). This small response VOL.1 NO.6 • 371–376 • 2006
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Figure 3. Clinical compound screen. a) Normalized emission ratio (yellow/cyan) from cells expressing AKAR3 treated with individual library compounds, compared to the negative control in which only buffer was added and the positive control in which ISO (250 nM) was added (agonist screen). b) Normalized emission ratio (yellow/cyan) from cells expressing AKAR3 ﬁrst treated with individual library compounds for ⬃15 min then stimulated by ISO (250 nM) (antagonist screen). The positive control in which only ISO was added and the negative control in which only buffer was added are shown as labeled. The asterisks indicate responses of positive hits, minus signs label false positives, including ﬂuorescent or colored compounds, cytotoxic, or unconﬁrmed hits by the secondary assay. c) Representative time courses of emission ratio (yellow/cyan) change of cells expressing AKAR3 treated with 10 M epinephrine followed by 50 M Fsk in single-cell imaging experiments. Error bars represent standard deviation (n ⴝ 3). d) Representative time courses of emission ratio (yellow/cyan) change of cells expressing AKAR3 treated with 50 M ritodrine followed by 100 M IBMX in single-cell imaging experiments. Error bars represent standard deviation (n ⴝ 2). e) Representative time courses of emission ratio (cyan/yellow) change of cells expressing ICUE pretreated with bilirubin (1 M and 10 M) for 15 min, followed by ISO stimulation in presence of IBMX. Error bars represent standard deviation (n ⴝ 22, 9, and 10).



could be enhanced by blocking PDE activity with IBMX (Figure 3, panel d), while IBMX alone did not generate any such responses in HEK-293 cells (not shown). Importantly all three known agonists among the 160 drugs were identiﬁed as positive hits in the screen. One compound potently inhibited the ISO-stimulated responses in both AKAR and ICUE assays and was identiﬁed to be Pro, the general ␤-adrenergic antagonist previously used in our proﬁling experiment. Interestingly, epinephrine was also identiﬁed as a hit in the antagonist category, indicating 374
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that, after inducing a transient response (Figure 3, panel c), continuous presence of epinephrine decreased the cell response to subsequent stimulation by ISO. An additional potential antagonist was identiﬁed from the ICUE assay, and the inhibitory effects by this compound, bilirubin, were veriﬁed in single cell imaging experiments. The ISO-stimulated ICUE response was inhibited by 40% by 1 M bilirubin (Figure 3, panel e), and the inhibition was more than 60% by 10 M bilirubin. Although bilirubin has been shown to be a protective antioxiALLEN ET AL.



dant, very high levels can lead to its accumulation in the brain, causing kernicterus (18). The ability of bilirubin to inhibit PKA in vitro at tens of micromolar concentration was suggested to play a role in the neurotoxic effects of bilirubin in patients of kernicterus (19). Our results suggest an alternative mechanism of inhibition of PKA by bilirubin, that is, through inhibition of cellular cAMP production. It is of interest to note the ICUE assay may be more sensitive for identifying potential antagonists, while the AKAR assay is more sensitive for agonists, as an ampliﬁcation step is incorporated in the AKAR assay when a single active PKA molecule phosphorylates multiple AKAR substrates. In summary, we have developed a new method for live-cell, high-throughput screening based on measurement of dynamic activities of signaling molecules, particularly protein kinases. Furthermore, a compound screen based on the ability of compounds to modulate dynamic kinase activities in live cells was performed using a collection of clinical compounds, from which known and new modulators of the GPCR/cAMP/PKA signaling pathway were identiﬁed. This method captures many of the crucial elements of high-throughput assays. However, further optimization, miniaturization, and automation would be necessary to achieve higher throughput. This new screening method should complement, yet offer unique advantages over, existing methods including puriﬁed target-based biochemical screens and endpoint focused phenotypic screens. Such activity-based screens, which can be combined with phenotypic screens (20), should allow direct measurement of dynamic cellular activities of deﬁned targets, or the activity of a signaling pathway when used concurrently. Compared to in vitro assays (2), living cells are used as reaction vessels with targets of interest, cofactors, and regulators present at endogenous levels in their natural cellular environment, where spatiowww.acschemicalbiology.org



LETTER temporal control of signaling activities can be speciﬁcally followed. With the complexity of live systems maintained, the quality of the screening process should be increased, enabling discovery of compounds with unique mechanisms of action (3). It is our expectation that these simple yet powerful activity assays based on FRET reporters should ﬁnd immediate application in high-throughput screens for pharmacological reagents and drug candidates, as well as in parallel tracking of multiple physiological and pharmacological events at subcellular locations in living cells in chemical and functional genomics studies. Furthermore, this assay platform should be generally applicable to most kinases in the kinome, as various kinase activity sensors could be engineered using the general design, improved in a similar fashion and adapted to this assay format. The successful bridging of high-throughput technology with dynamic live-cell activity measurement has thus laid a foundation for high-capacity mechanistic studies and multifaceted drug discovery processes targeting protein kinases. METHODS Gene Construction. Different variants of ﬂuorescent protein were PCR-ampliﬁed and incorporated into AKAR2 and AKAR2 T391A to replace the original enhanced cyan ﬂuorescent protein or Citrine (11). Cytoplasmic targeting of AKAR3 was achieved by genetically adding a nuclear export signal (NES) LPPLERLTL at the C-terminal end (21). ICUE constructs containing new ﬂuorescent protein variants were created using the same method as above. All constructs were initially generated in pRSET B (Invitrogen), then subcloned into pcDNA3 (Invitrogen) after a Kozak sequence for mammalian expression, except for AKAR3 NES, which utilized 3= restriction sites in pcDNA3 to introduce the NES. Cell Culture and Imaging. HEK-293 cells were plated onto sterilized glass coverslips in 35-mm dishes and grown to ⬃50% conﬂuency in DMEM (10% fetal bovine serum (v/v) at 37 °C with 5% CO2). Cells were transfected with calcium phosphate and allowed to grow for 12–24 h before imaging. After a wash with Hanks’ balanced salt solution (HBSS), cells were maintained in buffer in the dark at 20 –25 °C and treated with various reagents as indicated. Cells were imaged on a Zeiss Axiovert 200M microscope with a 40⫻/1.3NA oil-immersion objective lens and
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cooled CCD camera as previously described (22). Brieﬂy, dual emission ratio imaging used a 420DF20 excitation ﬁlter, a 450DRLP dichroic mirror, and two emission ﬁlters (475DF40 for cyan and 535DF25 for yellow). The ratios of yellow-tocyan (AKAR) or cyan-to-yellow (ICUE) emissions were then calculated at different time points and normalized by dividing all ratios by the emission ratio before stimulation, setting the basal emission ratio as 1. Live Cell Plate Reading. HEK-293 cells were transfected with AKAR3 or ICUE3 using calcium phosphate at 40% conﬂuency and allowed to grow for 40 h. Cells were then trypsinized and plated in a Costar 3603 96-well plate (Corning) at a density of 150,000 cells per well. After incubation for another 24 h, cells were washed once with HBSS and left in 150 L of HBSS at 20 –25 °C. Fluorescence reading was taken on FLUOstar OPTIMA ﬂuorescence microplate reader (BMG Labtechologies, Inc.) using a 420DF20 excitation ﬁlter and two emission ﬁlters (470DF40 for cyan and 535DF25 for yellow). A baseline was established in three cycles, each consisting of a full plate reading of yellow intensity, followed by a reading of cyan intensity. Each cycle lasted between 64 and 92 s. Cells were then treated with ISO, Fsk, H89, Pro (Sigma), and IBMX (Sigma) as indicated. Readings were taken in additional cycles. FRET change was calculated as the percent increase of emission ratios (yellow-to-cyan for AKAR and cyan-to-yellow for ICUE) over baseline for each well during a given cycle. To assess the efﬁcacy of our assay, several statistical parameters were calculated including Z= factor, CV, and S/N ratio (12). The Z= factor reﬂects both dynamic range and variation with the following equation in which ⫹ and – are the standard deviations of the positive and negative control samples, respectively, and ⫹ and – are the average responses for the positive and negative controls, respectively. Z = ⫽ 1 ⫺ 关共3⫹ ⫹ 3⫺兲⁄ⱍ⫹ ⫺ ⫺ⱍ兴 CV is deﬁned as the standard deviation of a set of responses divided by the mean of the set. Finally, signal-to-noise ratio was calculated for the assay as the difference between the mean positive control signal and mean negative control signal divided by the standard deviation of the negative control responses. Live Cell Clinical Compound Screen. HEK-293 cells transiently expressing AKAR or stably expressing ICUE were trypsinized and plated in a Costar 3603 96-well plate (Corning) at a density of 150,000 cells per well. After incubation for 24 h, cells were washed once with HBSS and left in 190 L of HBSS at 20 –25 °C. Fluorescence readings were taken as described above with each cycle lasting 90 s. Following baseline acquisition, cells in each experimental well were treated with a compound from the Johns Hopkins Clinical Compound Library to a ﬁnal concentration of 10 M. Control cells were treated with 10 L of 10% FBS in a solution of phosphate-buffered saline (PBS) at pH 7.4, the solution used to dissolve library compounds. Readings were taken for 10 cycles spanning a time



of ⬃15 min, after which cells in experimental wells and positive controls were treated with 0.25 M ISO (AKAR) or 0.25 M ISO plus 100 M IBMX (ICUE), while negative control cells received 0.5% (v/v) DMSO in HBSS. Ten ﬁnal cycles were then performed. FRET responses were calculated as described above. Negative control (10% FBS, 0.5% DMSO) and positive control (10% FBS, 0.25 M ISO) curves were generated. Agonist hits were deﬁned as compounds eliciting responses that are larger than 6 times of standard deviation above the baseline or 50% of the positive control. Antagonist hits were deﬁned as compounds that decreased the ISO-stimulated response by 50% or by 6 times of the standard deviation. Hits identiﬁed based on only one extreme outlier data point in the entire time course were considered false positives. From the plate-reading data, individual channels (yellow and cyan) of all hits were also examined for abnormal changes upon addition of library compounds. An example of detection of a compound with inherent yellow ﬂuorescence is an increase in yellow emission upon excitation with little or no change in cyan emission. Fluorescence or colorimetric properties of compounds were further veriﬁed by comparing to literature data or through direct ﬂuorescence measurement. Such hits were labeled as false positives. Fluorescence Microscopy-Based Secondary Screen. Fluorescence microscopy-based secondary screen was used to examine the remaining hits. HEK-293 cells expressing AKAR or ICUE were followed via ﬂuorescence microscopy before and after treatment with these compounds at a ﬁnal concentration of 10 M. Compounds that caused cell rounding, blebbing, lift-up, or severe shrinkage were considered cytotoxic and labeled as false positives. Compounds that did not affect emission ratio dynamics either before or after treatment with ISO (agonist and antagonist secondary screen, respectively) were also labeled as false positives. Those that do antagonize or agonize in both primary and secondary screens were labeled as true positives. Acknowledgment: We thank A. Miyawaki, R. Tsien, and A. Hires for providing various Venus constructs; B. Curtin and J. Violin for technical help; and M. Li and Q. Ni for helpful discussion. This work was supported by an award from the American Heart Association and the National Institutes of Health (R01 DK073368). Supporting Information Available: This material is free of charge via the Internet.
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