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ABSTRACT: The identification of potent and selective modulators of protein kinase function remains a challenge, and new
strategies are needed for generating these useful ligands. Here, we describe the generation of bivalent inhibitors of three unrelated
protein kinases: the CAMK family kinase Pim1, the mitogen-activated protein kinase (MAPK) p38α, and the receptor tyrosine
kinase (RTK) epidermal growth factor receptor (EGFR). These bivalent inhibitors consist of an ATP-competitive inhibitor that
is covalently tethered to an engineered form of the self-labeling protein O6-alkylguanine-DNA alkyltransferase (SNAP-tag). In
each example, SNAP-tag is fused to a peptide ligand that binds to a signaling interaction site of the kinase being targeted. These
interactions increase the overall selectivity and potency of the bivalent inhibitors that were generated. The ability to exploit
disparate binding sites in diverse kinases points to the generality of the method described. Finally, we demonstrate that ATP-
competitive inhibitors that are conjugated to the bio-orthogonal tag O4-benzyl-2-chloro-6-aminopyrimidine (CLP) are cell-
permeable. The selective labeling of SNAP-tag with CLP conjugates allows the rapid assembly of bivalent inhibitors in living cells.

Protein phosphorylation cascades are a key component of
most signaling events in eukaryotes.1 Protein kinases, an

enzyme family consisting of greater than 500 members, control
intracellular protein phosphorylation by transferring the γ-
phosphate of ATP to serine, threonine, or tyrosine residues of
protein substrates. Because of the importance that these
enzymes play in highly regulated cellular processes, aberrant
kinase activity has been implicated in a number of diseases
including diabetes, chronic inflammation, and cancer.2,3

Reagents that allow the selective modulation of a single kinase
in a cellular context are valuable tools for validating therapeutic
targets and dissecting complex signaling pathways. However,
because most potent inhibitors of kinase function interact with
the highly conserved ATP-binding site, generating selective
reagents remains a challenge. For this reason, there has been a
great deal of interest in targeting interaction sites outside of the
ATP-binding cleft.4,5

Highly selective bivalent inhibitors, which target at least one
site outside of the ATP-binding cleft, have been identified for a
number of kinases.6−17 The most common class of bivalent
inhibitors contain ligands that target both the ATP- and protein
substrate-binding sites (bisubstrate inhibitors).6−10 Potent
bisubstrate inhibitors of protein kinase A (PKA), insulin
receptor kinase (IRK), and AKT have been developed. In

addition, bivalent inhibitors that interact with at least one site
outside of the kinase active site have been described.11−15 This
strategy has been successful for identifying bivalent inhibitors of
PKA, JNK, and the SRC-family kinases. In general, these
inhibitors show increased potency and selectivity compared to
that of the monovalent components that they are derived from.
Recently, we have reported bivalent inhibitors of the highly
homologous tyrosine kinases SRC and ABL.16,17 These bivalent
inhibitors contain an ATP-competitive small molecule inhibitor
and a peptide ligand that targets the SRC Homology 3 (SH3)
domains of these kinases. In contrast to previously described
bivalent inhibitors, both ligands are displayed from a protein
scaffold (Figure 1A). In order to generate these bivalent
inhibitors, we have utilized an engineered form of the protein
O6-alkylguanine-DNA alkyltransferase (SNAP-tag), which is a
self-labeling DNA repair enzyme. Johnsson and co-workers
have generated SNAP-tag mutants that can be selectively and
rapidly labeled with O6-benzylguanine (BG) or O4-benzyl-2-
chloro-6-aminopyrimidine (CLP) derivatives in complex
protein mixtures and in living cells.18−25 BG- and CLP-
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fluorophore conjugates are commercially available, and SNAP-
tag labeling fusions have been used to study numerous aspects
of protein function, including localization, trafficking, and
turnover.20−25 By conjugating a BG-linked ATP-competitive
inhibitor to a genetically encoded SNAP-tag fusion that
contains an SH3 domain ligand, we were able to rapidly
generate potent and selective inhibitors of SRC and ABL.
A key aspect of this methodology is that selectivity is

achieved through the interaction of the peptide ligand with a
binding domain outside of the ATP-binding pocket. While it
was possible to generate bivalent inhibitors that are able to
discriminate between SRC and ABL by utilizing selective SH3
domain ligands, most kinases do not contain SH3 domains and
cannot be targeted with bivalent inhibitors that utilize this
signaling interaction. The highly conserved nature of the ATP-
binding sites of protein kinases means that a suitable small
molecule inhibitor can most likely be identified for any member
of the kinome. However, for this methodology to be of general
utility it is necessary that a wide range of ligands can be
displayed from the SNAP-tag scaffold and be able to access a
diverse range of kinase interaction sites. Here, we explore the
general utility of SNAP-tag as a protein scaffold for generating
bivalent kinase inhibitors. We demonstrate that multiple
signaling interaction sites outside of the ATP-binding clefts of
protein kinases can be effectively targeted and that these
interactions allow high potency and selectivity to be achieved.
Furthermore, we show that ATP-competitive inhibitors that are
conjugated to CLP are cell-permeable and able to efficiently
label SNAP-tag that is expressed in mammalian cells. The
chemoselective reaction between SNAP-tag and CLP deriva-
tives allows bivalent inhibitors to be assembled in living cells.

■ RESULTS AND DISCUSSION
To test the generality of the SNAP-tag scaffold for generating
selective bivalent inhibitors, we selected three unrelated
kinases: the CAMK family kinase Pim1, the mitogen-activated
protein kinase (MAPK) p38α, and the receptor tyrosine kinase
(RTK) epidermal growth factor receptor (EGFR) kinase.
Importantly, these kinases use different interactions to gain
specificity in signaling. In addition, the spatial orientation of
these interaction sites within the kinase domains of these
enzymes vary. For each kinase, a genetically encoded ligand that

targets a site outside of the ATP-binding pocket was selected
for generating an SNAP-tag fusion protein (Figure 1B).

Bivalent Inhibitors of Pim1. Pim1 is a single domain
serine/threonine kinase that is part of the Ca2+/calmodulin-
dependent protein kinase-related (CAMK) group. There are
two additional members of the Pim kinase family, Pim2 and
Pim3, which share a high degree of sequence homology with
Pim1. Pim overexpression has been observed in a number of
cancers, and these kinases are believed to contribute to some
solid tumors and leukemias.26 An interesting biochemical
property of the Pim kinases is that they possess a much higher
affinity for their protein and peptide substrates than most
kinases.27 Furthermore, the residues directly adjacent to the
phospho-acceptor site are believed to be the primary
determinants of Pim kinase substrate specificity. Therefore,
we designed bisubstrate inhibitors that target the ATP- and
protein substrate-binding sites of Pim1. To target the protein
substrate site of Pim1, a peptide ligand that corresponds to a
consensus substrate motif (Pimtide, ARKRRRHPSGPPTA)
was selected.27,28 This motif was converted into a pseudosub-
strate by replacing both potential phosphorylation sites, serine
and threonine, with alanine. Constructs that contain this
pseudosubstrate linked to either the N- or C-terminus of
SNAP-tag through a flexible serine-glycine linker were
generated (SNAP(SIL1)−SNAP(SIL4), Figure 2A). Two
SNAP-tag constructs, SNAP(SIL1) and SNAP(SIL3), were
tested for their ability to inhibit Pim1 in an in vitro activity
assay. Both SNAP-tag fusions have IC50's in the low micromolar
range, which is consistent with the pseudosubstrate motifs of
these constructs occupying the phospho-acceptor site of Pim1.
The lack of any inhibition by wild type SNAP-tag demonstrates
that the observed activity of these constructs is due to the
pseudosubstrate peptide.
Having generated SNAP-tag fusion proteins that target Pim1,

we next focused on developing an ATP-competitive inhibitor
that is linked to a moiety, CLP, which is able to chemo-
selectively label the active site of SNAP-tag.29 For this purpose,
a derivative of the imidazo[1,2-b]pyridazine inhibitor SGI-1776
was generated (1, Figure 2B).30 Based on a crystal structure of
an analogue of SGI-1776 bound to Pim1, the piperidine group
of this inhibitor was selected for linker attachment (Figure
2C).31 CLP was tethered to SGI-1776 through a flexible

Figure 1. Bivalent SNAP-tag−small molecule conjugate inhibitors. (A) Schematic representation of bivalent inhibitors based on the SNAP-tag
protein scaffold. (B) The general architecture of kinase catalytic domains with the ligands used in this study superimposed on this structure. The
pseudosubstrate peptide used to target Pim1 is shown blue. The MIG6 peptide that binds to EGFR is shown in green. The 31-amino-acid peptide
from MAPKAPK2 that binds to p38α is shown in red.
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glutaric acid linker (Figure 2B). CLP-derivative 1 was then
tested for its ability to inhibit the catalytic activity of Pim1
(Figure 2D). Although the IC50 of 1 for Pim1 (IC50 = 530 ± 40
nM) is higher than the value reported for SGI-1776 (IC50 = 7
nM), its potency is sufficient for use as a component of a
bivalent inhibitor.
Next, the IC50's of assembled small molecule−SNAP-tag

conjugates against Pim1 activity were determined (Figure 2D).
Conjugation of inhibitor 1 to SNAP(wt) (Figure 2D,
(SNAP(wt)-1)), led to a greater than 9-fold loss in overall
potency (IC50 > 5000 nM) compared to CLP derivative 1.
However, conjugation of 1 to SNAP-tag constructs that contain
a pseudosubstrate peptide leads to bivalent Pim1 inhibitors
with much lower IC50 values (Figure 2D). SNAP(SIL3)-1,
which contains the pseudosubstrate peptide at the C-terminus
of SNAP-tag, is the most potent inhibitor, with an IC50 of 45 ±
2 nM against Pim1. This bivalent inhibitor is 12- and 60-fold
more potent than the monovalent inhibitors 1 and SNAP-
(SIL3), respectively. Most strikingly, inhibitor 1 has a >100-fold
lower IC50 when displayed from an SNAP-tag construct that
contains a pseudosubstrate peptide, SNAP(SIL3), compared
with that of a SNAP-tag construct that does not, SNAP(wt).
This demonstrates that bivalent inhibitors based on the SNAP-
tag scaffold are able to effectively target the ATP- and protein
substrate-binding sites of a kinase despite their close proximity.
Bivalent Inhibitors of p38α. p38α is a MAPK that is

involved in a number of cellular stress response pathways. Like

Pim1, p38α contains only a catalytic domain, which possesses
all of the recognition elements necessary for substrate selection.
To target the MAPK p38α, we focused on using ligands that
bind to the docking groove. Activators and substrates of p38α
bind tightly to this site, and docking domain interactions
contribute to the high degree of signaling specificity of this
kinase.32−35 One such substrate is the mitogen-activated
protein kinase-activated protein kinase 2 (MAPKAPK2).36−39

MAPKAPK2 binds tightly to p38α, and a 31-amino acid
peptide derived from this protein occupies the docking groove
of p38α without overlapping with the kinase active site.37 Two
SNAP-tag fusions that display the MAPKAPK2 peptide from
their N-terminus were generated (SNAP(SIL5) and SNAP-
(SIL6), Figure 3A) and tested for the ability to inhibit the

catalytic activity of p38α. As expected, neither SNAP-tag
construct containing a docking domain groove ligand inhibits
the activity of this kinase (Figure 3D).
A number of selective ATP-competitive inhibitors that target

p38α have been developed.40−42 Therefore, we selected two

Figure 2. Bivalent inhibitors of Pim1. (A) SNAP-tag fusions that target
Pim1 (SNAP(SIL1)-SNAP(SIL4)). The Pim1 pseudosubstrate is
shown in blue. (B) CLP derivative 1. (C) A crystal structure of an
imidazo[1,2-b]pyridazine inhibitor bound to Pim1. (PDB code 2C3I)
(D) In vitro activities of SNAP-tag fusions, CLP derivatives, and
assembled SNAP-tag−small molecule conjugates against Pim1. All
protein−small molecule conjugates were prepared in two independent
labeling reactions. Values shown are the average of assays performed in
quadruplicate ± SEM.

Figure 3. Bivalent inhibitors of p38α. (A) SNAP-tag fusions
(SNAP(SIL5) and SNAP(SIL6)) that target p38α. The docking
domain ligands that target p38α are shown in red. (B) CLP derivatives
2 and 3. (C) The crystal structure of an inhibitor based on the
phthalazine scaffold bound to p38α (PDB code 3DS6). (D) In vitro
activities of SNAP-tag fusions, CLP derivatives, and assembled SNAP-
tag−small molecule conjugates against p38α. All protein−small
molecule conjugates were prepared in two independent labeling
reactions. Values shown are the average of assays performed in
quadruplicate ± SEM.
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ATP-competitive inhibitors based on different scaffolds to
develop CLP-conjugated inhibitors (Figure 3B). Derivative 2
contains a potent p38α inhibitor based on a phthalazine
scaffold conjugated to CLP through a 6-aminohexanoic acid
linker (Figure 3C).41 The other derivative that targets p38α, 3,
is a 4-anilinoquinazoline inhibitor that is linked to CLP through
a flexible tether attached to the C-7 position of this scaffold.
The ATP-competitive inhibitor from conjugate 3 is unique
from that of 2 in that it binds to an inactive conformation of
p38α.42,43 Both CLP derivatives 2 and 3 were tested for their
ability to inhibit the catalytic activity of p38α in an in vitro
activity assay (Figure 3D). Compound 2 is an extremely potent
inhibitor of p38α and has an IC50 approaching the enzyme
concentration used in the assay, whereas 3 has an IC50 in the
high nanomolar range. The availability of two inhibitors with
different affinities for the ATP-binding site of p38α provides
the opportunity to tune the potency of assembled bivalent
inhibitors.
The effect of conjugating inhibitors 2 and 3 to SNAP-tag was

assessed in a p38α activity assay (Figure 3D). Consistent with
the short tether length of derivative 2, the potency of this
inhibitor is significantly reduced (27-fold) when conjugated to
SNAP(wt). In contrast, SNAP(wt)-3 (IC50 = 430 ± 40 nM) is a
slightly more potent inhibitor of p38α than unconjugated
derivative 3 (IC50 = 890 ± 100 nM). Conjugating CLP
derivative 2 to either SNAP-tag construct that contains a
docking domain ligand (SNAP(SIL5) or SNAP(SIL6)) leads to
at least a 50-fold increase in overall potency compared to that
of SNAP(wt)-2. Unfortunately, the actual IC50's of SNAP-
(SIL5)-2 (IC50 < 0.5 nM) and SNAP(SIL6)-2 (IC50 < 0.5 nM)
could not be determined because the observed values
approached the concentration of enzyme used in the activity
assay. However, a more quantitative analysis of the contribution
of docking domain ligand binding to bivalent inhibitor potency
could be performed for bivalent inhibitors conjugated to CLP
derivative 3. SNAP(SIL5)-3 and SNAP(SIL6)-3 are >50-fold
more potent against p38α activity than SNAP(wt)-3, consistent
with these bivalent inhibitors occupying both the docking
groove and ATP-binding site of this kinase. In addition,
SNAP(SIL6)-3 has a >100-fold lower IC50 compared with that
of unconjugated CLP derivative 3. These results demonstrate
that a significant energetic contribution to bivalent inhibitor
binding can be obtained by engaging the docking grooves of
MAPKs. As selective docking domain ligands have been
identified for a majority of the MAPKs, it should be possible
to generate bivalent inhibitors based on the SNAP-tag scaffold
for any member of this important class of kinases.44

Bivalent Inhibitors of EGFR. EGFR is a clinically
important RTK that is activated by extracellular growth
factors.45 EGFR contains multiple domains, including an
extracellular receptor domain, a transmembrane region, and a
catalytic kinase domain. Upon growth factor binding, the kinase
domain of EGFR is activated through dimerization, which
results in phosphorylation of specific tyrosine residues in the C-
terminal tail and recruitment of downstream effectors.46 Unike
p38α and Pim1, EGFR does not contain any high affinity
interaction sites for its substrates. However, the C-lobe of this
kinase possesses a hydrophobic dimer interface. To target this
site on EGFR, we generated SNAP-tag fusions that contain a
25-amino-acid peptide from the mitogen-induced gene 6
(MIG6) protein (Figure 4A).47 MIG6 blocks EGFR activation
by inhibiting catalytic domain dimerization, and the 25-amino-
acid peptide used in the SNAP-tag fusions binds to the

dimerization interface without occupying the active site of this
kinase. SNAP-tag(wt) and both SNAP-tag fusions displaying
the MIG6 peptide from their N-terminus (SNAP(SIL7) and
SNAP(SIL8)) were tested for their ability to inhibit the
catalytic activity of EGFR in an activity assay (Figure 4D).
Although SNAP(wt) and SNAP(SIL7) do not inhibit EGFR at
the highest concentration of protein tested (10 μM),
SNAP(SIL8) is a weak inhibitor (IC50 = 730 ± 30 nM) of
this kinase. The mechanism by which SNAP(SIL8) inhibits
EGFR is unclear and currently under investigation. However,
this result provides evidence that at least one of the SNAP-tag
fusions is able to interact with EGFR.
To target the ATP-binding site of EGFR, we generated an

analogue of the clinically approved drug gefitinib.48 Gefitinib is
a potent and selective EGFR inhibitor based on the 4-
anilinoquinazoline scaffold. A CLP-derivatized version of
gefitinib was generated by modifying the 6-position of the 4-
anilinoquinazoline scaffold with a linker (Figure 4B and C).
CLP derivative 4 has a similar IC50 for EGFR as gefitinib,
demonstrating that attaching a linker to this position does not
appear to affect interaction with the catalytic domain of this
kinase (Figure 4D).
The ability of assembled SNAP-tag−small molecule con-

jugates to inhibit EGFR was next tested (Figure 4D). Similar to
4-anilinoquinazoline 3, the IC50 of 4 is minimally affected when
it is conjugated to SNAP(wt) (SNAP(wt)-4, IC50 = 60 ± 3
nM). However, conjugation of 4 to either of the MIG6 peptide-
containing SNAP-tag constructs results in significantly more
potent bivalent inhibitors. The most potent bivalent inhibitor,

Figure 4. Bivalent inhibitors of EGFR. (A) SNAP-tag fusions that
target EGFR (SNAP(SIL7) and SNAP(SIL8)). The 25-amino-acid
MIG6 peptides are shown in green. (B) CLP derivative 4. (C) The
crystal structure of gefitinib bound to EGFR. (PDB code 2ITY). (D)
In vitro activities of SNAP-tag fusions, CLP derivatives, and assembled
SNAP-tag−small molecule conjugates against EGFR. All protein−
small molecule conjugates were prepared in two independent labeling
reactions. Values shown are the average of assays performed in
quadruplicate ± SEM.
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SNAP(SIL8)-4, has an IC50 28-fold lower than that of
monovalent SNAP-tag construct SNAP(wt)-4 and 18-fold
lower than that of CLP derivative 4 (Figure 4D). Hence, the
interaction of the MIG6 peptide displayed from SNAP-tag with
EGFR clearly increases the potencies of both bivalent
inhibitors.
Selectivity of Bivalent Inhibitors. After identifying potent

bivalent inhibitors of Pim1, p38α, and EGFR, we next
determined the kinase selectivity of these protein−small
molecule conjugates (Figure 5A and Supplementary Figure
S1). To do this, the most potent bivalent inhibitors of Pim1,
p38α, and EGFR (SNAP(SIL3)-1, SNAP(SIL6)-2, and SNAP-
(SIL8)-4) were tested against a panel of 27 kinases. Kinases in
this screen were selected for diversity and on the basis of the
likelihood that they are off-targets of the ATP-competitive
inhibitors 1, 2, and 4. The MAP kinases p38δ, JNK1, JNK2,
JNK3, ERK1, and ERK2 were used as counter-screens for the
p38α inhibitor 2 because they possess highly homologous
active sites. Pim2 and the receptor tyrosine kinase FLT3 were
included in the panel because these kinases have previously
been demonstrated to be inhibited by SGI-1776 (the inhibitor
that CLP analogue 1 is derived from).30 The STE20 kinase
STK10 and the nonreceptor tyrosine kinases LCK and HCK
were selected because these kinases were identified in a large-
scale selectivity study as off-targets of the drug gefitinib.49 The
results of screening all three bivalent inhibitors at a single
concentration (2 μM) against the selectivity panel are shown in
Figure 5A. Both SNAP(SIL6)-2 and SNAP(SIL8)-4 are very
selective for their respective targets p38α and EGFR,
demonstrating an IC50 of >2 μM for all of the other kinases
in the panel. The only kinase that the bivalent Pim1 inhibitor
SNAP(SIL3)-1 shows significant activity against is Pim2, but at
a reduced potency (IC50(Pim1) = 45 ± 2; IC50(Pim2) = 1700
± 300). Thus, all three potent bivalent inhibitors demonstrate a
high degree of selectivity for their respective targets.

To further understand the contribution of signaling site
interactions toward bivalent inhibitor selectivity, we performed
a more quantitative activity analysis against a focused panel of
kinases (Figure 5B and C). To do this, the ratio of the activity
of each monovalent CLP derivative for its desired target versus
an off-target was determined and compared to the ratio for the
corresponding assembled bivalent inhibitor. CLP derivative 1 is
a slightly more potent inhibitor of FLT3 than Pim1
([IC50(FLT3)/IC50(Pim1)] = 0.3) but 10-fold selective for
Pim1 over Pim2 ([IC50(Pim2)/IC50(Pim1)] = 10). Conjugat-
ing inhibitor 1 to an SNAP-tag construct containing a
pseudosubstrate peptide motif increases the overall selectivity
ratio for both targets. SNAP(SIL3)-1 is >44-fold more potent
against Pim1 (IC50 = 45 ± 2 nM) than FLT3 (IC50 = > 2000
nM), and thus the FLT3/Pim1 selectivity ratio is >130-fold
more favorable for the bivalent inhibitor than monovalent ATP-
competitive inhibitor 1. A similar but less pronounced trend is
observed for Pim2; SNAP(SIL3)-1 has a 4-fold more favorable
Pim2/Pim1 selectivity ratio compared with that of 1. In this
construct, both the pseudosubstrate peptide and the ATP-
competitive inhibitor contribute to the observed 38-fold overall
selectivity of the bivalent inhibitor. Next, the ability of gefitinib
analogue 4 to inhibit STK10, HCK, and LCK was determined.
While monovalent CLP derivative 4 is an inhibitor of moderate
potency against these kinases (HCK (IC50 = 1500 ± 100 nM),
LCK (IC50 = 1000 ± 100 nM), and STK10 (IC50 = 1800 ± 100
nM)), it still demonstrates high selectivity for EGFR
([IC50(STK10)/IC50(EGFR)] = 45; [IC50(LCK)/
IC50(EGFR)] = 25; ([IC50(STK10)/IC50(HCK)] = 37).
However, conjugating inhibitor 4 to SNAP(SIL8) increases
the observed selectivity for EGFR to >900-fold for all three
kinases (bottom panel, Figure 5C). The increased potency of
the bivalent inhibitor against EGFR due to the specific
interaction with MIG6 contributes to the high degree of
selectivity observed. Finally, monovalent p38α inhibitor 2 was
found to be >1000-fold selective for its target over all of the

Figure 5. Activity of SNAP(SIL3)-1, SNAP(SIL6)-2, and SNAP(SIL8)-4 against a panel of 27 protein kinases. (A) Percent inhibition was measured
at a concentration of 2 μM for each construct. Values shown are the average of assays performed in triplicate ± SEM (B) IC50 ratios of 1 and
SNAP(SIL3)-1 against Pim1, Pim2, and FLT3. (C) IC50 ratios of 4 and SNAP(SIL8)-4 against EGFR, HCK, LCK, and STK10.
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other kinases tested. Therefore, it was not possible to perform a
similar analysis. However, the lack of inhibition observed for
bivalent inhibitor SNAP(SIL6)-2 against the MAPKs p38δ,
JNK1, JNK2, JNK3, ERK1, and ERK2 demonstrates that
targeting the docking domain of p38α does not compromise
the inherent selectivity of the ATP-competitive inhibitor
attached to the SNAP-tag scaffold.
Cell Permeability of CLP-Linked Inhibitors. For bivalent

inhibitors based on the SNAP-tag scaffold to be of general
utility for studying kinase function, they must be able to be
assembled in living cells. While previous studies have shown
that fluorophores that are conjugated to BG or CLP are able to
specifically label SNAP-tag in mammalian cells, it is unclear
how cell-permeable the ATP-competitive derivatives used in
this study are. While it would be possible to develop
radiolabeled analogues of each CLP derivative to determine
intracellular labeling of SNAP-tag, we wished to develop a
general method that can be used to measure the cell
permeability of a number of compounds without the need for
additional synthetic effort. Therefore, we developed a general,
fluorescent intracellular blocking assay to determine the cell
permeability of conjugates 1−4 (Figure 6A).
Mammalian cells that were transiently transfected with

SNAP-tag were first incubated with derivatives 1, 2, 3, or 4
for 1 h. After 1 h, any unmodified SNAP-tag active sites were
then labeled with the cell-permeable fluorophore CLP-rhod-
amine. The extent of SNAP-tag labeling was then determined
by lysing the cells, subjecting the lysate to SDS-PAGE, and
quantifying the fluorescence intensity of SNAP-tag. A decrease
in SNAP-tag fluorescence indicates that an analogue is cell-
permeable and able to label intracellular SNAP-tag, thus

blocking conjugation to CLP-rhodamine. The results of
blocking studies with derivatives 1−4 for three commonly
used cell lines (COS-7, HeLa, and HEK293) are shown in
Figure 6B. Gratifyingly, all four conjugates block rhodamine
labeling of SNAP-tag and appear to be cell-permeable. Only
derivative 3, which contains a very large ATP-competitive
inhibitor, does not label >80% of the available SNAP-tag in all
three cell lines. Furthermore, the ability of derivatives 1−4 to
block intracellular labeling of SNAP-tag has also been verified
by live cell imaging (data not shown).
After assembling bivalent SNAP-tag conjugates in cells, it will

be necessary to remove any excess CLP derivative that is not
conjugated to SNAP-tag. We did not envision this being a
problem because previous studies have demonstrated that it is
possible to efficiently washout unconjugated BG- or CLP-
fluorophore derivatives from cells after labeling.50 However, to
guarantee that CLP-inhibitor derivatives can efficiently be
removed from cells, washout experiments with CLP derivative
4 were performed (Supplementary Figure S2). Epidermal
growth factor (EGF) stimulation of cells that have been
transiently transfected with EGFR was used as a functional
assay for kinase inhibition. Stimulation of serum-starved cells
with EGF in the presence of inhibitor 4 (10 μM) led to a
significant decrease in EGFR autophosphorylation (phospho-
Y1068) compared to a DMSO control (Supplementary Figure
S2). The level of EGFR autophosphorylation inhibition
observed in the presence of 4 was similar to that of gefitinib
(data not shown). In contrast, cells that were first incubated
with inhibitor 4 (10 μM) and then subjected to washout
conditions prior to EGF stimulation demonstrated EGFR
autophosphorylation (phospho-Y1068) levels that are identical

Figure 6. Labeling of SNAP-tag in cells by 1, 2, 3, and 4. (A) SNAP(wt) transfected cells were incubated with 10 μM 1, 2, 3, 4, or DMSO for 1 h,
followed by incubation with CLP-rhodamine (3 μM) for 30 min. (B) Fluorescence relative to a DMSO control was measured and corrected for
protein expression. Reduction in fluorescence, relative to DMSO, indicates successful labeling of SNAP-tag by 1, 2, 3, and 4. Values shown are the
average of assays performed in duplicate ± SEM.
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to that of the DMSO control. This clearly demonstrates the
CLP conjugate 4 can effectively be removed from cells using
standard washout conditions. The ability to both assemble
SNAP-tag-based bivalent inhibitors in cells and to wash out any
noncovalently bound CLP conjugates greatly expands the
utility of these reagents for studying kinase signaling pathways.
Conclusions. In summary, we have expanded the diversity

of protein kinases that can be selectively targeted with bivalent
inhibitors based on the SNAP-tag protein scaffold. All of the
bivalent inhibitors that were generated in this study contain an
ATP-competitive inhibitor that is conjugated to a SNAP-tag
fusion protein. Peptide ligands displayed from the SNAP-tag
protein scaffold are able to exploit disparate interaction sites
outside of the ATP-binding clefts of EGFR, Pim1, and p38α.
Importantly, the sites that these ligands target are the same that
EGFR, Pim1, and p38α use to obtain specificity in cellular
signaling events. The ability to use functionally divergent
interaction sites should allow this strategy to be applied to any
protein kinase for which a suitable ligand can be identified. In
addition, we have demonstrated that CLP-inhibitor conjugates
are cell-permeable. This allows for the rapid assembly of
bivalent inhibitors in living cells. Furthermore, by using SNAP-
tag fusions that contain localization sequences it will be possible
to generate bivalent inhibitors in specific subcellular compart-
ments. These localized inhibitors can be used to probe
subcellular kinase function, which is not possible with
traditional pharmacological agents or genetic techniques. The
use of these reagents to study specific cellular signaling events is
ongoing.

■ METHODS
Synthesis of Compounds 1, 2, 3, and 4. Synthetic schemes,

detailed procedures and characterization of compounds 1, 2, 3, and 4
can be found in the Supporting Information.
General Procedure for Generating SNAP-tag Fusion

Proteins. Overlap extension PCR was performed as previously
described.16

SNAP-tag Expression and Purification. SNAP-tag fusions were
expressed and purified using a previously published procedure.16 All
proteins were analyzed with a Bruker Esquire Ion Trap Mass
Spectrometer. Spectra can be found in the Supporting Information.
Preparation of SNAP-tag Fusion Small Molecule Conju-

gates. SNAP(wt) and all SNAP-tag fusions were labeled with 1, 2, 3,
or 4 and purified using a previously published procedure.16

General Activity Assay Conditions. Pim1, p38α, and EGFR
were all assayed using general activity assay conditions previously
described.16

Assay Condition for Selectivity Panel. Inhibitors (concen-
tration =2 μM) were assayed in triplicate against Pim2, p38δ, CSK,
CLK1, PAK4, PAK5, PKA, IRAK4, MAP3K5, STK10, FLT3, TRKA,
SRC, HCK, LCK, ABL, AurA, CDK2, CDK5, JNK1, JNK2, JNK3,
ERK1, and ERK2. General activity assay conditions were used. Details
of each assay can be found in the Supporting Information.
General Cellular Assay Information. COS-7 cells were cultured

in Gibco High Glucose DMEM Media supplemented with 10% fetal
bovine serum and penicillin/streptomycin. HeLa cells were cultured in
Gibco Low Glucose DMEM Media supplemented with 10% fetal
bovine serum and penicillin/streptomycin. HEK-293 cells were
cultured in Gibco RPMI-1640 Media supplemented with 10% fetal
bovine serum and penicillin/streptomycin. All cells were incubated at
37 °C and 5% CO2.
Blocking and Labeling. SNAP-tag transfected cells were

incubated with 10 μM concentrations of 1, 2, 3, 4, CLP-alkyne (see
structure in the Supporting Information), or 0.5% DMSO (control) in
complete media for 1 h. The media was then aspirated and the cells
were incubated with 3 μM of CLP-rhodamine (see structure in the

Supporting Information) in complete media for 30 min. Cells were
washed 3 times with complete media and then incubated in media for
30 min to remove any unbound CLP-rhodamine. Cells were lysed with
50 μL of 1X SDS loading buffer. Samples were run on a 15% SDS-
PAGE gel and scanned with a GE Typhoon FLA 9000 scanner to
measure fluorescence. SNAP-tag expression levels of samples were
analyzed by immunoblotting with an anti-His6 antibody (ABM Inc.).
Fluorescence levels were corrected for SNAP-tag expression levels.
Fluorescence levels from cells pretreated with CLP-alkyne were
considered to be the maximum blocking possible and so were
subtracted from all other values. Percent fluorescence was calculated
by dividing the corrected fluorescence level for inhibitor-treated cells
by the corrected fluorescence levels of DMSO-treated cells. Reduced
fluorescence relative to that of DMSO-treated cells indicates that all
SNAP-tag active sites were successfully labeled by 1, 2, 3, or 4 and,
therefore, indicates cell permeability. All labeling was performed and
analyzed in duplicate.
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