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Abstract: The 518 protein kinases encoded in the human genome are exquisitely regulated and their
aberrant function(s) are often associated with human disease. Thus, in order to advance therapeutics and
to probe signal transduction cascades, there is considerable interest in the development of inhibitors that
can selectively target protein kinases. However, identifying specific compounds against such a large array
of protein kinases is difficult to routinely achieve utilizing traditional activity assays, where purified protein
kinases are necessary. Toward a simple, rapid, and practical method for identifying specific inhibitors, we
describe the development and application of a split-protein methodology utilizing a coiled-coil-assisted three-
hybrid system. In this approach, a protein kinase of interest is attached to the C-terminal fragment of split-
firefly luciferase and the coiled-coil Fos, which is specific for the coiled-coil Jun, is attached to the N-terminal
fragment. Upon addition of Jun conjugated to a pan-kinase inhibitor such as staurosporine, a three-hybrid
complex is established with concomitant reassembly of the split-luciferase enzyme. An inhibitor can be
potentially identified by the commensurate loss in split-luciferase activity by displacement of the modified
staurosporine. We demonstrate that this new three-hybrid approach is potentially general by testing protein
kinases from the different kinase families. To interrogate whether this method allows for screening inhibitors,
we tested six different protein kinases against a library of 80 known protein kinase inhibitors. Finally, we
demonstrate that this three-hybrid system can potentially provide a rapid method for structure/function
analysis as well as aid in the identification of allosteric inhibitors.

Introduction

Protein kinases catalyze the transfer of the γ-phosphate of
ATP to specific serine, threonine, or tyrosine residues on a
protein substrate. Protein kinases play a central role in almost
all cellular signaling cascades and are tightly controlled both
spatially and temporally. The aberrant function of many protein
kinases has been linked to numerous diseases, namely, cancer,1,2

inflammation,3,4 and metabolic disorders.5 After intense efforts,
protein kinases have emerged as an important class of biological
targets amenable to small molecule intervention, resulting in
both therapeutics and probes for interrogating signal transduc-
tion.6 Several inhibitors, such as Imatinib (Gleevac),7 have
emerged as FDA-approved therapeutics with many more in
clinical development.2,8 Typically, protein kinase inhibitors
function by outcompeting ATP at the architecturally conserved

active site, which poses a significant hurdle as the approximately
518 human protein kinases9 display considerable sequence and
structural conservation. Recent studies have shown that numer-
ous FDA approved kinase inhibitors, though effectively inhibit-
ing their intended targets, exhibit limited selectivity when tested
against a large panel of protein kinases.8,10,11 This often
unintended promiscuity or polypharmacology displayed by
kinase inhibitors can be potentially beneficial by targeting
several protein kinases, such as the broad spectrum activity of
PKC-412, an analogue of the pan-kinase inhibitor staurosporine,
or the activity against c-KIT and PDGFR exhibited by Imatinib.
Although promiscuity has both potential benefits and pitfalls
in therapeutics, it is clearly a significant liability for the selective
elucidation of the role of a specific kinase in signal transduc-
tion.12 Shokat and co-workers have provided an important
rationale for the need for protein kinase selective small molecule
probes,13,14 since they function at a significantly different
temporal scale than biological knockdowns and thus more
accurately reflect the cellular consequences of small molecule
therapeutics.
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Not surprisingly, there has been much recent effort in profiling
protein kinases against small molecule targets.15 The gold
standard remains the direct measurement of enzymatic activity
as exemplified by profiling studies from Cohen and co-
workers;12,16-18 however, this usually requires access to a large
number of purified and functional protein kinases and radioactive
based assays for sensitivity. More recently, Fabian and co-
workers have described a kinase inhibitor profiling strategy that
does not require the expression and purification of each protein
kinase and is based upon the ability to rapidly express kinases
on the surface of phage that can be subsequently interrogated
for small molecule binding through competition experiments.10,11

In related approaches that do not require purified protein kinases,
chemical inducers of dimerization (CIDs)19 have been employed
for addressing protein kinase inhibitor selectivity in a cellular
context.20,21 These CIDs stemming from the seminal work by
Schreiber and co-workers22,23 were utilized by Liu and co-
worker in a yeast three-hybrid approach enabled by a dexam-
ethasone-FK506 CID,24 while more recently, Cornish and co-
workers established an elegant dexamethasone-methotrexate
based CID for three-hybrid and related applications.25 What is
common among the CID approaches is the availability of a high
affinity small molecule ligand and a protein receptor pair of
considerable size to impart affinity and selectivity. For example,
the FK506 binding protein that binds FK506 is the smallest at
12 kDa,24 dihydrofolate reductase that binds methotrexate is
18 kDa,25 the glucocorticoid receptor that binds dexamethasone
is 31 kDa,25 and the estrogen receptor that binds estradiol is 29

kDa.26 Building on the above observations, we envisioned an
easily implemented, modular, and general three-hybrid kinase
inhibitor screen utilizing a new peptide based CID that can
function in cell free translation systems.27,28 Toward this goal,
we detail our progress toward the design, validation, and
application of a new three-hybrid design paradigm, where one
pair of a coiled-coil peptide conjugated to a kinase ligand28 can
potentially function as a CID and bridge a user-defined kinase
attached to one split-protein fragment with the cognate coiled-
coil peptide attached to the second fragment (Figure 1). This
three-hybrid approach would potentially provide a new syntheti-
cally accessible CID and complement the large protein receptor/
ligand pair CID approaches for profiling protein kinases in an
in ViVo context. The peptide-small molecule CID would be
particularly suited for lysate based translation systems or
functions in an extracellular context, where cell permeability is
not a hurdle.27

The proposed three-hybrid approach for designing a protein
kinase inhibitor sensor relies both on split-protein design as well
as the specificity of natural and designed heterodimeric coiled-
coils. Split-protein reassembly or protein fragment complemen-
tation methods rely on the interaction driven conditional
reassembly of carefully fragmented proteins.29 Beginning with
split-ubiquitin,30 which has been recently utilized in a CID
approach,31 several new split-protein sensors that generate an
easily detectable output have been developed, such as GFP,32-34

dihydrofolate reductase,35 �-lactamase,36-38 firefly luciferase,27,39

and Gaussia Luciferase.40 Similarly, natural and designed coiled-
coils have emerged as one of the smallest synthetically
accessible self-assembling modular units with wide utility in
synthetic biology.41-44 To the best of our knowledge, coiled-
coil enabled three-hybrid systems have not been utilized as a
means for driving the reassembly of split-proteins to provide a
direct read-out for the binding of a ligand to a protein kinase
and its subsequent displacement by an inhibitor (Figure 1). We
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Figure 1. Design of a coiled-coil-enabled three-hybrid split-protein system for kinases. The two fragments of split-luciferase are attached to a coiled-coil
Fos and a kinase (Fos-Nfluc and Cfluc-Kinase). Ternary complex formation results in the reassembly of active luciferase from the two fragments mediated
by the chemical inducer of dimerization (CID) comprising staurosporine conjugated to a coiled-coil peptide, Jun (Jun-St) in yellow. The addition of a CID
competitive small molecule (gray) reverses luciferase reassembly.
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envisioned that our general biosensor architecture for inter-
rogating protein kinase-ligand binding would comprise the
fragmented firefly luciferase, with one fragment attached to a
protein kinase of interest and the complementary fragment
attached to the Fos coiled-coil peptide (Figure 2A). Upon the
addition of the cognate Jun coiled-coil conjugated to the pan
kinase inhibitor, staurosporine (1), the split-protein reporter
fragments would be brought into proximity to allow for split-
protein reassembly and restore the activity of the reporter (Figure
2A). We also envisioned that the addition of a staurosporine
competitive small molecule would result in the displacement
of Jun-staurosporine (2) and thereby dissociate the luciferase
fragments with corresponding loss in luminescence.

Herein, we successfully demonstrate the feasibility of our new
coiled-coil enabled CID that allows for the construction of a
three-hybrid biosensor, utilizing the reassembly and subsequent
activity of split-firefly luciferase as a sensitive luminescent read-

out. We utilize an in Vitro translation system to test our
methodology,27 which provides a rapid assay platform with in
situ production of the necessary proteins without the need for
purification, a potential impediment for large-scale experi-
ments.45 Moreover, the study of protein kinases and their
inhibitors in a lysate environment that perhaps approximates a
complex in ViVo setting may be beneficial for eliminating generic
off-target hits.45,46 To demonstrate feasibility, we began with
the well-studied cAMP-dependent protein kinase A, catalytic
subunit R (PKA). To test generality, 11 additional protein
kinases that span the kinome were tested successfully, and six
were subsequently tested against a panel of 80 known inhibitors.
Further studies were designed to test if the three-hybrid
methodology can be potentially utilized for interrogating the
importance of specific residues implicated in protein kinase
activity and in identifying allosteric inhibitors which do not
directly target the active site.

Results and Discussion

Demonstration of Ternary (Three-Hybrid) Complex Assembly
and Inhibition. PKA was selected as an initial test protein kinase
based on our previous experience with PKA, where we had
established that it effectively binds a Jun-staurosporine
conjugate.28,47 The catalytic domain of PKA was conjugated
to the C-terminal fragment of luciferase, Cfluc, through a 13-
residue linker (Cfluc-PKA), while the Fos peptide was
conjugated to the N-terminal fragment of luciferase, Nfluc
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Figure 2. Proof-of-principle studies for the split-luciferase three-hybrid system. (A) A to-scale model of reassembled ternary complex with kinase domain
from PKA. Split fragments of luciferase appended to the coiled-coil Fos and the kinase domain are brought into proximity through interactions of the CID
(2), where the coiled-coil, Jun, binds Fos and staurosporine (1) binds the active site of PKA. (B) Luminescence after addition of either St3�A (3), Jun, or
2 to a translation containing Cfluc-PKA and Fos-Nfluc. (C) Domain swapped fusions of PKA and Fos to Cfluc and Nfluc were tested for luminescence
up addition of 2. (D) Concentration-dependent loss of luminescence upon addition of 1 to the preformed ternary complex demonstrating reversibility of the
split-luciferase system.
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(Fos-Nfluc). The addition of Jun-staurosporine (2) was
expected to lead to the formation of a ternary complex
containing both proteins and CID (Figure 2A). Concomitant
expression of both mRNA constructs in reticulocyte lysate
exhibited little luminescence; however, upon addition of 2, the
signal increased by >100-fold (Figure 2B). To validate that the
observed signal was indeed due to the CID, either free Jun
peptide or 1 modified with three �-alanine residues (St3�A, 3),
to replicate the linker between 1 and Jun, were added to
Cfluc-PKA and Fos-Nfluc. The negligible signal observed for
all the components, excepting 2, suggests that background
luciferase reassembly was minimal unless the full CID was
present (Figure 2B). Next, we wanted to test the optimal
orientations of the attached PKA and Fos to the luciferase
fragments. Thus, Fos and PKA were attached to the opposite
halves of luciferase, creating Cfluc-Fos and PKA-Nfluc,
respectively. This new orientation was tested for signal enhance-
ment upon addition of 2 (Figure 2C) and exhibited a >10-fold
increase in luminescence upon the addition of CID, considerably
less than the >100-fold signal enhancement in the alternate
orientation.

The utility of this split-protein three-hybrid approach assay
ultimately lies in its potential as a methodology for measuring
the selectivity of a protein kinase for its inhibitors. Thus, in
order to determine if we could measure protein kinase inhibition,
the ternary complex was titrated with staurosporine (1) (Figure
2D). The observed concentration-dependent loss in luminescence
follows a characteristic sigmoidal curve, with an IC50 of 93 nM
under our experimental conditions. The measured IC50 value is
5-fold higher than the reported dissociation constant, Kd, of 19
nM recently determined by Karaman and co-workers11 and is
likely a function of the concentration of 2, 120 nM, as well as
the potential affinity between the split-luciferase halves. The
ability to inhibit the reassembled luciferase is important because
similar experiments with split-GFP are difficult, as the reas-
sembled complex has been observed to be kinetically trapped.48

Importantly, this set of proof-of-principle experiments validated
that ligand binding capable protein kinase domains could be
produced in situ and that the reassembly of split-luciferase,

brought about by the coiled-coil enabled CID, could be reversed
by addition of a small molecule ligand for the kinase. Further-
more, testing the different orientations of the protein kinase with
respect to the luciferase fragments clearly demonstrated a
significant signal-to-noise advantage afforded by the Cfluc-PKA/
Fos-NFluc, leading to all subsequent protein kinases being
tested as Cfluc conjugates.

Adaptability to Diverse Protein Kinases. While our three-
hybrid approach was successful with PKA, we next sought to
determine if it could be applied to other protein kinases known
to bind the pan-kinase inhibitor, staurosporine. The human
kinome is typically segregated into seven genetically and
functionally diverse groups9 (Figure 3A) and at least one kinase
from each, except the CK1 group, was selected for further
validation, and their appropriate catalytic domains were cloned
in place of PKA in our system (Supporting Information, Table
S1).

The respective mRNAs for 10 different protein kinases (PKA,
AkT1, AkT2, PKCg, PDGFRB, FGFR1, MAP3K11, SLK,
PIM1, and CLK2) fused to Cfluc were expressed in reticulocyte
lysate and tested for luciferase reassembly and concomitant
luminescence only upon addition of 2. All 10 tested in the three-
hybrid system showed significant signal enhancement upon
addition of 2 (Figure 3C). Thus, this experiment demonstrated
that this new three-hybrid approach is potentially general across
the kinome, when a potential protein kinase ligand can be
identified that retains binding affinity upon conjugation to Jun.
Having established successful reassembly of split-luciferase with
the 10 protein kinases upon addition of 2, we then determined
if the addition of PKC-412 (4), a better mimic of the stauro-
sporine conjugate,47 could reverse luciferase reassembly and
knock down signal. Either no inhibitor (vehicle only) or 4 at a
concentration of 10 µM was added to the lysate to measure
signal loss (Figure 3C). In each case, 4 caused a >50% loss in
luminescence relative to no inhibitor, demonstrating that the
CID-dependent complex formation can be effectively disrupted
upon addition of a competitive inhibitor for a variety of protein
kinases.

Inhibitor Profiling of Several Kinases. Next we turned to
establishing whether this three-hybrid assay could be effectively
utilized for testing a large number of inhibitors against several

(48) Magliery, T. J.; Wilson, C. G. M.; Pan, W. L.; Mishler, D.; Ghosh, I.;
Hamilton, A. D.; Regan, L. J. Am. Chem. Soc. 2005, 127, 146–157.

Figure 3. Generality of the three-hybrid system. (A) A representation of the human kinome with the seven major groups. (B) Structure of the staurosporine
derivative PKC-412 (4). (C) Ten representative protein kinases from six groups. Translations of the two split-luciferase halves appended to the indicated
protein kinases was equilibrated with 2 and treated with either no inhibitor (blue) or 10 µM 4 (pink) to determine if it could form an active ternary complex
with the Jun-staurosporine CID and be competitively displaced by 4.
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of the protein kinases that we had demonstrated provided
functional three-hybrid assemblies and could be subsequently
inhibited by the addition of a competitive ligand (Figure 3).
Toward this goal, PKA, AKT1, FGFR1/FLT2, and PIM1 were
each tested for inhibition by 80 known kinase inhibitors from
a commercial kinase panel, the Tocriscreen Kinase Inhibitor
Toolbox, with some substitutions (Supporting Information, Table
S2). Each Cfluc-kinase fusion was translated along with
Fos-Nfluc, followed by the addition of 2 to induce ternary
complex formation and aliquoted into a 96-well plate containing
a unique inhibitor in each well. The small molecule inhibitors
were present at a final concentration of 10 µM in the lysate and
incubated for 1 h to allow for competitive displacement of 2.
Positive controls, containing 2, and negative controls, containing
neither 2 nor inhibitor, were also included on each plate. Plates
were prepared in duplicate for each kinase, and inhibitor potency
was determined as percent inhibition relative to vehicle alone.
To ensure small molecules were targeting the desired stauro-
sporine/kinase interaction, a Fos-Nfluc and Cfluc-Jun het-
erodimer27 was used as a control for identifying potential
inhibitors of either luciferase49 or the Fos/Jun coiled-coil itself.
Any loss in signal observed upon addition of inhibitor to

Fos-Nfluc and Cfluc-Jun was subtracted from the kinase
percent inhibition values (Supporting Information, Table S5).

All four kinases used in this proof-of-principle, three-hybrid
screen showed very distinct inhibitory profiles against the panel
of kinase inhibitors (Figure 4A-D), with AKT1 being targeted
by very few inhibitors from the panel. A cursory examination
of the complete data set (Supporting Information, Table S2)
clearly reveals that this three-hybrid method can be potentially
utilized to predict inhibitor selectivities. For example, the
positive inhibitor control, PKC-412 (4), inhibited all four kinases
with inhibition values between 55% and 73%. Similarly, the
known PKA inhibitor H89 (5) was seen to inhibit PKA and
AKT1, at 67% and 21% inhibition, respectively, but showed
no appreciable inhibition of the other two protein kinases,
consistent with previous reports.18 A group of structurally similar
CDK inhibitors, aminopurvalanol A (6), purvalanol A (7), and
purvalanol B (8), were found to inhibit FGFR1 at 68%, 28%,
and 58%, respectively. Another group of inhibitors (PI 828 (9),
LY 294002 (10), and NU 7026 (11)), sharing structural
similarity and originally designed to target members of the
phosphoinositide 3-kinase family, all selectively inhibited PIM1
between 37% and 78% while not significantly inhibiting the
other three kinases. Given that 10 has been recently cocrystal-
lized with PIM1 in a crystallization screen,50 it is perhaps not
surprising that both 9 and 11 are also inhibitory. We also
observed the lack of activity in this assay for an inhibitor

(49) Auld, D. S.; Southall, N. T.; Jadhav, A.; Johnson, R. L.; Diller, D. J.;
Simeonov, A.; Austin, C. P.; Inglese, J. J. Med. Chem. 2008, 51, 2372–
2386.

Figure 4. A small molecule profile of 80 inhibitors against (A) PKA, (B) AKT1, (C) FGFR1/FLT2, and (D) PIM1. Each X, Y coordinate represents an
individual small molecule present at 10 µM with the degree of inhibition plotted on the Z-axis. (E) Structures of select molecules used in the screen.
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reported to be selective for AKT1, API-2 (12), which has been
shown to prevent the activation of AKT1 in ViVo, by prohibiting
its localization to the inner-membrane surface, which requires
the Pleckstrin homology (PH) domain.51,52 It is possible that
the reported activity exhibited by this small molecule against
AKT1 has been abolished, as the Cfluc-AKT1 fusion used in
the three-hybrid system contains only the protein kinase domain
and lacks the PH domain.

To further interrogate the ability of this three-hybrid system
to potentially profile inhibitors of protein kinases that exist as
oligomers in their native state, we turned toward testing the
catalytic domain of the AMP-activated protein kinases, AMPK1
and AMPK2. We found that either Cfluc-AMPK1 or Cfluc-
AMPK2 in the presence of Fos-NFluc and 2 provided signals
of >100-fold over background luminescence. This demonstrated
that the catalytic domain for a natively trimeric kinase53,54 can
potentially be utilized independently from the oligomerization
domain in this three-hybrid system. Subsequently, both kinases
were tested against the 80 compound panel and the results are
summarized in Supporting Information Table S2.

With profiling results of the panel of 80 known kinase
inhibitors against six kinases in hand, we turned toward
comparing the results from this study with published large-scale
profiling studies.10-12 Of the 80 inhibitors tested in our panel,
9 have been previously tested utilizing the phage-display capture
methodology10,11 and 17 have been recently profiled in standard
kinase assays by Cohen and co-workers.12 The selectivity
profiles in our three-hybrid approach were found to mirror the
previously measured selectivities reported utilizing phage-
display capture (Supporting Information, Table S3). Similarly,
the compound selectivities utilizing this methodology were
found to be similar to those utilizing activity based assays for
13 compounds. Of the set of 4 compounds tested between all
three methods, there was a single discrepancy, where compound
SP 600125 demonstrated no inhibition against PIM1 in both
our experiments and the phage-display method,10 while the
activity based assay showed 60% inhibition.12 Noteworthy
differences were also found for 3 compounds tested in the
traditional assay for PIM1 and AMPK1 (Supporting Information,
Table S4), where significantly more inhibition was observed
compared to our method; however, corresponding data from
the phage-display approach have not been reported for these
compounds.10 A major difference between the activity based
assay and this methodology is the relative ATP concentrations,
where the activity based methods utilize between 5 and 50 µM,12

while this method utilizes cellular levels of ATP (0.5-1 mM),55

which may result in different levels of inhibition observed for
ATP competitive compounds. We plan to systematically inves-
tigate these potential differences between methodologies in
future experiments.

Overall, these experiments clearly demonstrate that this three-
hybrid assay provides a potentially simple method for rapidly

profiling in situ expressed kinases against a large set of
inhibitors. Even with this test set of 80 known kinase inhibitors,
many of which are reported as selective inhibitors and have
been utilized in probing biology (Supporting Information, Table
S2), it is clear that profiling compounds against several protein
kinases can reveal new activities against off-target kinases.
Moreover, this set of experiments also speaks to three-hybrid
design considerations, such as the need for testing the three-
hybrid system upon inclusion of additional domains in the case
of AKT1.

Effect of Kinase Activation on Inhibitor Binding. Having
established that the three-hybrid assay can be utilized for
profiling inhibitors against particular kinases, we next wanted
to test whether this methodology would allow us to study the
protein kinase domain as a function of its ligand binding
properties. Protein kinases typically require one or more specific
serine, threonine, or tyrosine residue to be phosphorylated in
order to achieve a fully active conformation, and this modifica-
tion may also be important for ATP and inhibitor binding at
the kinase active site.56,57 This can occur through either cis-58

or trans-phosphorylation59 events, with phosphorylation of
residues adjacent to the active site being particularly critical.60-62

Reticulocyte lysate is known to contain endogenous protein
kinase activity63,64 that could potentially result in the phospho-
rylation of protein kinases attached to the luciferase fragments.
However, it is unclear whether the protein kinases in the three-
hybrid assay are present in an active phosphorylated form. This
ambiguity regarding phosphorylation is also the case when
protein kinases are expressed in Escherichia coli or yeast as in
the previously reported high-throughput methods for protein
kinase profiling.10,21 Thus, we set out to test the importance of
known residues that potentially play a role in protein kinase
activation and possibly ligand binding. To this end, mutations
were introduced in both PAK1 and AKT2 that replaced
particular serine and threonine residues with aspartate or
glutamate to chemically mimic the phosphorylated, active state
or alternatively to alanine to potentially mimic the dephospho-
rylated, inactive form. In the case of PAK1, mutation of a so-
called T-loop residue (T423) to glutamate65,66 demonstrated a
clear increase in luminescence of the CID induced complex over
either the wild-type or the alanine mutant (Figure 5A). These
results to a first approximation suggest that PAK1 is likely not
in a fully active conformation in the lysate and an unphospho-
rylated threonine limits its ability to bind to the modified
staurosporine. It is also interesting that the modified staurospo-
rine can still bind PAK1 with a T423A substitution, which
suggests that the active site is still capable of ligand binding.
Next, we tested this approach on AKT2, which has been reported
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to be primarily activated by phosphorylation at T309 and S474.67

In addition to phosphorylation of the T-loop, AGC kinases are
known to also require phosphorylation at the hydrophobic motif
for optimal activation.68-70 Mutating both of these residues to
aspartate only increased the luminescence by 2-fold over the
wild-type, suggesting that AKT2 may be partially phosphory-
lated in the lysate (Figure 5B). Surprisingly, mutating both of
these residues to alanine, thereby eliminating the possibility of
phosphorylation at either site, causes only a small loss in binding
to the CID (Figure 5B). Overall, these results with AKT2
suggest that the (T309A, S474A) mutant, that has been proposed
to mimic the inactive form and exhibits a nearly 40-fold increase
in luminescence upon addition of 2, is still very competent for

binding active-site targeted inhibitors. Thus, these results
demonstrate that systematic mutagenesis studies of protein
kinases in the context of this three-hybrid system may allow
for understanding the determinants that govern inhibitor binding
and may find use in delineating the consequences of protein
kinase mutations that result in drug resistance.71

Allosteric Inhibition of AKT1. Having demonstrated that the
three-hybrid method has the potential to monitor potential
conformational changes that occlude ligand binding at the active
site, we turned to investigating the utility of this method for
testing allosteric inhibitors that act at sites distal to the active
site. Allosteric inhibitors can act by inducing an inactive
conformation upon binding (Figure 6A). The AKT1 and AKT2
inhibitor Akt1/2 (13) is particularly interesting as it has been
previously shown to only impact the activity of protein kinase
constructs containing both the PH domain and the stretch of

(67) Alessi, D. R.; Andjelkovic, M.; Caudwell, B.; Cron, P.; Morrice, N.;
Cohen, P.; Hemmings, B. A. EMBO J. 1996, 15, 6541–6551.
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2000, 19, 2924–2934.

(70) Biondi, R. M.; Kieloch, A.; Currie, R. A.; Deak, M.; Alessi, D. R.
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Figure 5. Testing the effect of activating and inactivating protein kinase mutations on inhibitor binding. Model of protein kinase and mutational analysis
of regulatory residues for (A) PAK1 (PDB 1YHV) and (B) AKT2 (PDB 1O6K). Both models are shown with the sites of phosphorylation highlighted (red)
and an ATP-analogue (yellow) bound in the active site. The relative luminescence of the three-hybrid complex upon the addition of the CID indicates
aspartic acid (D) and glutamic acid (E) mutants exhibit an increase in relative luminescence relative to the wild-type and alanine (A) mutants.

Figure 6. Testing allosteric inhibition of a protein kinase in the three-hybrid system. (A) A proposed model of allosteric inhibitors of AKT1, where an
inhibitor may act by binding outside the active site at a pleckstrin homology (PH) domain to induce an inactive conformation. (B) Structure of the allosteric
AKT1 inhibitor Akt1/2 (13). (C) Domain map of two different protein kinase constructs containing only the kinase domain and C-terminal region (AKT1)
or the full-length protein including the PH domain (flAKT1). (E) Inhibition of AKT1 and flAKT1 by either an ATP-competitive inhibitor 4 or the reported
allosteric inhibitors 13 and 12.
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residues connecting it to the kinase domain.72,73 The proposed
mechanism of action suggests that binding of this inhibitor
induces a conformation which prevents substrate access to the
AKT1 active site.74 Thus, we set out to compare the effective-
ness of 13 against the protein kinase domain only, as well as
the full-length AKT1 construct (Figure 6C). We also wanted
to test PKC-412 (4), known to target the active site, against
both constructs. Finally, we wished to interrogate the reported
allosteric AKT1 inhibitor 12, which did not display significant
inhibition against the kinase domain alone (Figure 4). For Akt1/2
(13), we observed a >70% inhibition of the full-length kinase
while not inhibiting the kinase domain alone (Figure 6D), while
PKC-412 (4) targeted both domains equally. Additionally, the
allosteric AKT1 inhibitor 12 showed a similar effect for both
forms of AKT1, suggesting that this method of analysis will
not allow for identification of inhibitors that do not necessarily
block the active site but function by other mechanisms such as
preventing subcellular translocation.52,75 These studies in concert
demonstrate that simultaneously screening varying isoforms of
a protein kinase in the three-hybrid assay provides us with a
simple method to identify selective allosteric inhibitors that can
block the active site such as 13.

Conclusions

As the role of protein kinases continue to be unraveled in a
wide array of signal transduction cascades and diseases, the need
for new methodologies capable of rapidly probing the more than
500 human protein kinases for inhibitor selectivity has become
increasingly evident. Simple and rapid approaches that are
amenable for large-scale screens would potentially aid in the
discovery of new ligands as reagents for probing biology as
well as early candidates in the quest for a drug. Toward this
long-term goal, we have demonstrated a new three-hybrid
paradigm, where a kinase inhibitor conjugated to one pair of a
coiled-coil serves as a chemical inducer of dimerization. The
protein kinases can be expressed in cell-free translation systems
and directly interrogated in competitive binding assays with a
split-luciferase reassembly dependent luminescent read-out. We
demonstrate that an inhibitor screen starting from stored mRNA
can be performed in ∼3 h. Thus, this approach has the potential
to provide a simpler alternative to the existing small-molecule
competition based approach previously reported by Fabian et
al.10,11 We anticipate that alternate split-reporter systems can
be constructed that result in an autoinhibited state where the
signal is off, which can be turned on by addition of a small
molecule ligand.76 Finally, this CID based approach also has
the added benefit that it does not require extensive propagation
of cells, phage display, quantitative PCR, or halo based assays
but relies on widely utilized luminescence measurements.

We have demonstrated that the split-protein based three-
hybrid approach can be used to interrogate the relative binding
affinities for a large number of small molecule inhibitors that
target the active or allosteric site for a particular kinase. We
have also demonstrated that staurosporine binding serves as a
potential surrogate for examining the role of particular residues
or domains with regard to the ATP binding cleft of a protein
kinase. However, our methodology is not without certain
limitations. For one, the actual phosphorylation state of a
particular kinase is not known, which is also true for the
aforementioned large-scale profiling methods, where the protein
kinases are expressed in non-native hosts such as bacteria or
yeast. Another potential drawback is that the modified stauro-
sporine will likely be unable to target protein kinases that have
poor affinity for staurosporine, such as mitogen-activated protein
kinases (MAPKs). However, we anticipate that replacing
staurosporine with appropriate kinase inhibitors, such as suni-
tinib or dasatinib, will in the long term allow us to sample a
large fraction of the kinome.15 Future experiments will also
focus upon inclusion of full-length kinases, especially those
containing known regulatory domains, alongside the catalytic
core domain as we have shown for AKT. This will aid in further
validating this three-hybrid system and potentially allow for
identifying non-active site targeted inhibitors for a particular
kinase. Finally, certain small molecules that potently inhibit
luciferase activity will not be amenable for the split-luciferase
based three-hybrid approach, but we anticipate that for such
luciferase inhibitors49 a similar strategy can be realized with
alternate split-proteins, such as �-lactamase.27,36,38 Thus, given
the advantages and disadvantages, on balance this new cell-
free approach may have the potential to provide a simple and
rapid competition based method to interrogate inhibitors of
protein kinases. Future experiments will explore cell based
versions of this split-protein three-hybrid system for validating
kinase inhibitors in a physiological context. More generally, this
three-hybrid approach potentially provides a general method to
utilize split-proteins for interrogating inhibitors that target small
molecule/enzyme interactions as well as providing a new class
of chemical inducers of dimerization that utilize coiled-coil
handles, which may have utility outside a cell.

Materials and Methods

General Materials. All reagents were from Sigma-Aldrich unless
otherwise noted. Enzymes and oligonucleotide primers for cloning
were purchased from NEB and IDT, respectively. Mg(OAc)2 was
obtained from EM Sciences and Tris ·HCl was obtained from
Research Products International Corp. All translation materials were
from either Promega or Luceome Biotechnologies.

Clone Construction and mRNA Synthesis. All clones were
prepared by generating DNA strands encoding appropriate protein
fragments by PCR and cloning them into modified pETDuet-1
vector (Novagen) or pRSFDuet-1 vector (Novagen) using standard
cloning techniques. Each Cfluc or Nfluc domain was connected to
the luciferase fragments by a 13 amino acid (GGS)n linker. All
clones were verified by dideoxyoligonucleotide sequencing. All
protein kinase DNA fragments for cloning were generated by PCR
using relevant primers and specific DNA template sequences. A
list of specific residues used in each construct and NCBI reference
sequence numbers can be found in the Supporting Information,
Table S1. To generate mRNAs of each clone, PCR fragments of
each cloned fusion construct were produced from a forward primer
containing a T7 RNA polymerase promoter and mammalian Kozak
sequence and a reverse primer encoding a 3′ hairpin loop.27 These
PCR products were subsequently used as templates for in Vitro
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mRNA synthesis using a RiboMax Large Scale RNA Production
System-T7 (Promega) according to the manufacturer’s protocols.

Mutagenesis of Kinase Domains. Kinase activating mutations
used in this study were created using a QuikChange Site-Directed
Mutagenesis Kit (Stratagene) according the manufacturer’s proto-
cols. Each complementary forward and reverse mutagenesis primer
consisted of 13 codons: the site of mutagenesis flanked by 6 codons
on both the 5′ and 3′ ends. All mutagenesis products were verified
by dideoxyoligonucleotide sequencing and the corresponding
mRNA was produced as described for the wild-type clones.

Synthesis of Peptide-Inhibitor Conjugate. All small molecules
and peptide conjugates used in the present study have been
previously described in the literature.28,47 Staurosporine was either
purchased from LC Laboratories or produced from Lentzea albida
(Supporting Information).

Small Molecule-Induced Ffluc Reassembly and Small Molecule
Inhibition. Split-firefly luciferase mRNA constructs were translated
in Flexi-Rabbit Reticulocyte Lysate (Promega) according to manu-
facturer’s protocol and assayed for luminescence activity as
previously reported.27 Translation reactions (25 µL) were performed
in duplicate using 0.5 pmol of Fos-Nfluc mRNA, 0.2 pmol of
Cfluc-Kinase mRNA, 2 mM DTT, and 0.5 µL of RNasin Plus
(Promega). Alternate constructs Cfluc-Fos and PKA-Nfluc were
tested under identical conditions using 0.5 and 0.2 pmol mRNA,
respectively. After translations were incubated at 30 °C for 90 min,
1 µL of 3.125 µM 2 in buffer A (6.76 mM TrisHCl, 3.38 mM
Mg(OAc)2, pH 7.45) was added to 24 µL of each reaction for
complex formation. Similarly, 1 µL of buffer A, Jun, or 3 at 3.125
µM in buffer A was added to 24 µL of a reaction as negative
controls. In initial studies, samples were equilibrated at 4 °C for
4 h before being treated with inhibitor. For positive control (with
2) and negative control (only buffer A) samples, 24 µL of each
reaction was treated by addition of 1 µL of DMSO. Inhibition by
PKC-412 (Alexis), Akt1/2 (Sigma), and staurosporine was tested
by adding 1 µL of inhibitor at appropriate concentrations in DMSO
to 24 µL mixtures of lysate containing 2 at 125 nM. All samples
were equilibrated for 1 h in the dark at room temperature upon
addition of DMSO or inhibitor. The final concentration of 2 prior
to measurement of luminescence was 120 nM. Luciferase activity
was determined by mixing 20 µL of lysate with 80 µL of luciferase
assay reagent, incubating for 1 min, and measuring luminescence

using a Turner Biosystems 20/20n luminometer with a 10 s
integration time.

Small Molecule Kinase Inhibitor Profiling against PKA,
AKT1, FGFR1/FLT2, and PIM1. For plate-based small molecule
screens, translations were scaled to provide necessary reagents for
duplicate reactions in 96-well plates. Each Cfluc-Kinase was
translated separately along with Fos-Nfluc using the conditions
listed above. After translation and incubation at 30 °C for 90 min,
several 24 µL aliquots of lysate were supplemented with 1 µL of
buffer A and set aside as negative controls. The remaining lysate
was treated with 2 to a final concentration of 125 nM. Twenty-
four microliter aliquots of lysate treated with 2 were added to each
well of a 96-well Lumitrac 200 plate (Grenier Bio-one) containing
1 µL of DMSO (for positive controls) or 250 µM inhibitor (final
concentration of 10 µM). Seventy-six of the inhibitors used on each
plate were from the Tocris Kinase Inhibitor Toolbox (Tocris
Bioscience). Four inhibitors, PKC-412 (LC Laboratories), Sunitinib
(LC Laboratories), Flavopiridol (Alexis), and Roscovitine (LC
Laboratories), were also included. A list of all compounds tested,
references, and their location on each plate can be found in the
Supporting Information (Table S2). The final concentrations of 2
and inhibitor were 120 nM and 10 µM, respectively. Plates were
covered with foil and equilibrated for 1 h at room temperature.
The Fos-Nfluc with Cfluc-Jun control was prepared in parallel
under identical conditions, excluding the addition of 2. Using a
Centro XS LB 960 plate reader (Berthold Technologies), 80 µL of
luciferin assay reagent was injected into each well containing sample
and luminescence immediately measured with a 1 s integration time.
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