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ABSTRACT: We have developed the first irreversible
inhibitors of wild-type c-Src kinase. We demonstrate that our
irreversible inhibitors display improved potency and selectivity
relative to that of their reversible counterparts. Our strategy
involves modifying a promiscuous kinase inhibitor with an
electrophile to generate covalent inhibitors of c-Src. We
applied this methodology to two inhibitor scaffolds that exhibit
increased cellular efficacy when rendered irreversible. In
addition, we have demonstrated the utility of irreversible
inhibitors in studying the conformation of an important loop
in kinases that can control inhibitor selectivity and cause drug
resistance. Together, we have developed a general and robust
framework for generating selective irreversible inhibitors from
reversible, promiscuous inhibitor scaffolds.

While reversible small molecule inhibitors of protein
kinases have been extensively investigated,1−3 irrever-

sible kinase inhibitors remain underexplored.4,5 Compared to
their reversible counterparts, irreversible kinase inhibitors offer
significant advantages, including increased potency and
selectivity, longer residence times, the ability to inhibit kinases
with existing resistance mutations, and non-ATP-competitive
modes of action.6,7 Despite these advantages, irreversible kinase
inhibitors have only been developed for a handful of kinases.6

Herein, we report a series of irreversible c-Src inhibitors. c-
Src tyrosine kinase was the first proto-oncogene discovered and
is frequently overexpressed in cancerous tumors.8,9 The extent
of c-Src overexpression typically correlates with the metastatic
potential of the malignant tumor, and inhibiting c-Src has been
shown to decrease breast cancer metastases in mice.8,9 Elevated
c-Src activity has recently been identified as a main cause of
resistance to Herceptin, a first-line treatment for Her2-positive
breast cancer.10 Efforts to better understand c-Src in the context
of oncogenic growth, metastasis, and/or drug resistance have
been complicated by a lack of selective c-Src inhibitors.11,12

Our strategy involves modifying a promiscuous kinase
inhibitor scaffold with an electrophile that targets a non-
conserved cysteine of c-Src. This strategy was applied to two
distinct promiscuously binding scaffolds. Our inhibitors
represent the first irreversible inhibitors of wild-type c-Src,13

and these inhibitors show improved potency and selectivity
relative to that of their reversible counterparts. We also
demonstrate that irreversible inhibitors are able to overcome
resistance mutations to the parent reversible scaffold. Finally,
we demonstrate that irreversible inhibitors can be used to study
protein conformation. Using an irreversible inhibitor, we study

the conformation of an important feature in inhibitor binding
and selectivity, the phosphate-binding loop.

■ RESULTS AND DISCUSSION

Irreversible c-Src Inhibitor Design and Evaluation.
Protein kinases do not utilize active site cysteine residues in
their catalytic cycle, and thus, irreversible kinase inhibitors must
rely on noncatalytic cysteine residues in or adjacent to the
ATP-pocket. c-Src has a nonconserved cysteine within its P-
loop (phosphate-binding loop, or glycine-rich loop). This
cysteine (Cys277 in c-Src, chicken numbering) is found in only
nine (SRC, FGR, FGFR-1,2,3,4, LIMK1, TNK1, and YES) of
the 518 human protein kinases, representing only 1.4% of all
kinases (sequence alignment for kinases can be found in
Supporting Information Figure S1).4 We reasoned that Cys277
of c-Src could be utilized to develop irreversible inhibitors of c-
Src with improved potency and selectivity relative to their
reversible analogues.
Our irreversible inhibitor design began with a previously

reported, highly promiscuous kinase inhibitor based on an
aminopyrazole scaffold.14 In the crystal structure (PDB:
3F6X),14 Cys277 is situated 10.6 Å away from the amino-
pyrazole (Figure 1). We synthesized an analogue of this
promiscuous kinase inhibitor (compound 1). Profiling of
compound 1 demonstrates promiscuous and potent binding
to most kinases (see Supporting Information Figure S2 for
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KINOMEscan profiling data). We reasoned that starting with a
promiscuous inhibitor would be a particularly stringent test for
improving selectivity through irreversible inhibition. Using
compound 1 as the scaffold, we synthesized a series of
analogues (compounds 2−7) that contain a pendant electro-
phile with a linker of varied length. The linkers (glycine and β-
alanine) and electrophiles (vinyl amide, α-chloro ketone, and
vinyl sulfonamide) were used to produce a library of putative
irreversible c-Src inhibitors with differing length and reactivity,
respectively.
As an initial measure of potency, IC50 measurements were

obtained at 0 and 120 min for the six putative irreversible
inhibitors (Table 1). Compounds 2−7 each displayed time-
dependent inhibition, while compound 1 showed identical
inhibition at both 0 and 120 min using a previously reported
continuous, fluorimetric activity assay.35 Compounds 6 and 7
displayed the most significant c-Src inhibition at 120 min and
were therefore selected for further study.
Evaluating Reversibility. To determine whether inhibitors

6 and 7 covalently interact with the P-loop Cys, further studies
were performed. Time-dependent inhibition displayed by both
compounds 6 and 7 is one trait of irreversible inhibitors.6 In
addition, mutating Cys277 to Ser in c-Src leads to a significant
loss of potency (>6×) for both compounds 6 and 7, while
compound 1 has nearly identical potency for both WT c-Src
and C277S c-Src (Table 2). This result indicates that potent
inhibition requires Cys277. We then treated c-Src with
compound 1, 6, or 7 and purified each complex by gel
filtration. Kinase activity was regained with compound 1;
however, no kinase activity was observed for c-Src treated with
6 or 7 (see Supporting Information Figure S3). As a control,
identical experiments performed with C277S c-Src and
compound 7 demonstrated kinase activity was regained with
inhibitor 7. These results are consistent with 6 and 7 binding
irreversibly and compound 1 binding reversibly.
Finally, the protein-inhibitor complexes for both compounds

6 and 7 with c-Src were analyzed by mass spectrometry, and
after gel filtration, a single covalent adduct was found in both
cases (see Supporting Information Figure S4). In contrast, no
covalent adduct was observed when C277S c-Src was treated
with compound 7. Of note, the kinase domain of c-Src contains
a total of six cysteine residues, and our data show covalent
adduct formation only with Cys277. Together, these results
clearly demonstrate that covalent binding of inhibitors 6 and 7
depends solely on the presence of Cys277.

Improved Selectivity with Irreversible Inhibition. Our
compound design involves a promiscuous scaffold that
reversibly binds to many off-targets; however, selectivity is
expected to increase by improving binding for c-Src relative to
the off-target kinases. We determined the selectivity of
compounds 1, 6, and 7 using three homologous kinases (c-
Src, c-Abl, and Hck) using a previously reported continuous,
fluorimetric activity assay.35 Obtaining selectivity between these
three kinases has proven difficult in previous studies.11 For
example, a recent report using the KINOMEscan technology to
profile 72 clinical and preclinical kinase inhibitors against a
panel of 442 kinases indicated that no inhibitor in their panel
has >20× selectivity for c-Src over both c-Abl and Hck.11

Reversible aminopyrazole 1 is only ca. 3× selective for c-Src
over c-Abl and Hck. With irreversible inhibitors 6 and 7, a
significant increase in selectivity is observed (Table 2).
Inhibitors 6 and 7 are both >80× selective for c-Src over c-
Abl and >65× selective for c-Src over Hck. These results clearly
demonstrate the ability of irreversible inhibition to markedly
increase compound selectivity over off-target kinases lacking a
P-loop Cys.
Selectivity between the nine kinases with this P-loop Cys is

determined on the basis of the reversible scaffold employed.
For example, irreversible inhibitors of FGFR were recently
reported that rely on a P-loop Cys in the same position as
Cys277 in c-Src; however, the FGFR inhibitors do not inhibit c-
Src because the scaffold used does not inhibit c-Src.15 In our
strategy, we utilize a highly promiscuous scaffold: kinome
profiling indicates that compound 1 binds to all nine P-loop
Cys containing kinases with measurable efficacy. Thus, we

Figure 1. Crystal structure of c-Src bound to aminopyrazole inhibitor
(PDB code: 3F6X). The sulfur in Cys277 is shown to be 10.6 Å from
the inhibitor scaffold.

Table 1. IC50 Values for Compounds 1−7 against Wild-Type
c-Src
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anticipate that compounds 6 and 7 will inhibit each of the nine
protein kinases with a P-loop Cys. To demonstrate this, we
evaluated compound 7 with c-Yes and obtained an IC50 of 46
nM (120 min), indicating that compound 7 is able to potently
inhibit c-Yes. Modification of the reversible scaffold can provide
irreversible inhibitors that can distinguish between kinases with
a P-loop Cys.
Chemical Genetics To Target Kinases without a P-

loop Cys. Our irreversible inhibitors were designed to
covalently bind wild-type c-Src. However, we reasoned that
mutagenesis of kinases without a P-loop cysteine (Xaa→Cys)
would lead to irreversible inhibition with inhibitors 2−7.
Because our design uses a highly promiscuous kinase inhibitor
scaffold, this methodology can be directly applied to any of the
kinases inhibited by aminopyrazole 1. To demonstrate the
feasibility of this approach, we selected c-Abl. We produced c-
Abl Q252C with a Cys in the analogous position to Cys277 in
c-Src. While compounds 6 and 7 display modest, reversible
inhibition for wild-type c-Abl, both 6 and 7 potently inhibit c-
Abl Q252C (Table 2). Both compounds bind the Q252C
mutant >55× better than wild-type c-Abl. Because the
enzymatic activity is not altered by mutation within the P-
loop,16,17 this strategy should be directly applicable to chemical
genetic approaches for most kinases.
Determining kinact/Ki. While irreversible inhibitors are

often characterized using IC50 values, these measurements are
time-dependent and thus do not always report on true binding
affinities.18 We determined both Ki and kinact values for both
irreversible inhibitors 6 and 7 to evaluate their affinity (Ki) and
their rate of covalent bond formation with Cys277 (kinact)
(Figure 2).18 Briefly, we determined IC50 values at RT with
varied enzyme preincubation times, and kinact and Ki values were
then obtained directly from nonlinear regression of time-
dependent IC50 values as previously reported.

18 We found that
compound 7 has both better affinity (Ki = 360 nM) and faster
rate constant for covalent bond formation (kinact = 1.5 × 10−3

s−1) compared to that of compound 6. IC50 values were unable
to discriminate between compounds 6 and 7; however,
determination of kinact/Ki demonstrates that compound 7 is

the superior irreversible inhibitor. On the basis of these results,
compound 7 was selected for further studies.

Evaluating Cellular Efficacy. In a cellular context,
nucleophiles such as glutathione are present in high
concentration and can potentially react with irreversible
inhibitors to reduce covalent bonding to the target protein.6

To determine the effect of high concentrations of glutathione,
we evaluated compound 7 in the presence of 1 mM reduced
glutathione and found no change in biochemical IC50 (see
Supporting Information Figure S5). Similar results were
obtained with adding a high concentration of DTT (1 mM).
Thus, we observed that our irreversible inhibitor 7 is not
reactive to exogenous nucleophiles. These results are consistent
with studies that indicate that vinyl sulfonamides are kinetically
slow substrates in intermolecular Michael reactions.19

To be useful as a biological probe, compound 7 must be able
to inhibit Src activity in cellulo. We found that compound 7 is
cell-permeable and able to inhibit cellular Src phosphorylation
(see Supporting Information Figure S6). In addition,
compound 7 was compared to reversible inhibitor 1 in a Src-
dependent proliferation assay in 3D culture.20 Reversible
inhibitor 1 has a GI50 of 14.3 μM, while irreversible inhibitor
7 has a GI50 of 4.4 μM (see Supporting Information section
XII). Thus, greater efficacy is observed for the irreversible
inhibitor relative to its reversible counterpart. This increased
efficacy parallels our biochemical studies that indicate
irreversible inhibitors display greater potency for c-Src.

Table 2. IC50 Values for Compounds 1, 6, and 7 against c-Src, c-Src C277S, c-Abl, c-Abl Q252C, and Hck at 120 min

Figure 2. Ki and kinact values for compounds 6 and 7.
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Application to Dasatinib Scaffold. Given the modular
design of our irreversible inhibitor series, we reasoned that we
could apply this strategy to other kinase inhibitor scaffolds that
bind c-Src. Dasatinib is the only FDA-approved drug that
potently inhibits c-Src and is generally considered a
promiscuous kinase inhibitor (dasatinib binds to 52 kinases
with Kd < 100 nM).11 On the basis of our studies with the
aminopyrazole scaffold, an irreversible dasatinib analogue
should provide improved potency and selectivity for c-Src.
Analogues of dasatinib were synthesized with identical linker

and electrophiles employed with irreversible inhibitors 6 and 7,
providing compounds 8 and 9, respectively. Because dasatinib
is such a tight binding inhibitor of c-Src (reported Ki = 16
pM),21 we were unable to fully characterize our irreversible
inhibitors against wild-type c-Src due to enzyme requirements
of our activity assay (dasatinib, 8, and 9 have IC50 < 5 nM for
WT c-Src at 0 min). c-Src with a gatekeeper mutation
(T338M) is resistant to dasatinib binding (IC50 = 14.3 μM, 120
min) and provides a means to evaluate our irreversible dasatinib
analogues.22 We also prepared compound 10, a reversible
variant of compounds 8 and 9, and found compound 10 was
also a weak inhibitor of c-Src T338M. Unlike reversible
inhibitors dasatinib and compound 10, compounds 8 and 9 are
both highly potent inhibitors of T338M c-Src (compound 8:
IC50 = 5.5 nM, 120 min; compound 9: IC50 = 44 nM, 120 min,
Figure 3). These results are significant because irreversible
kinase inhibitors reported for wild-type FGFR1 were unable to
efficiently inhibit FGFR1 with a gatekeeper Met (V561M).15

Here, we obtain highly potent irreversible inhibition for both
wild-type and gatekeeper mutant c-Src.
Determining kinact and Ki values for both compounds 8 and 9

demonstrated that 9 is a superior inhibitor with a kinact/Ki value
ca. 7× higher. Compounds 8 and 9 have similar Ki values.
However, compound 9 covalently modifies (kinact) T338M c-
Src ca. 7× faster than does compound 8. These results parallel
the aminopyrazole scaffold in which the vinylsulfonamide-
containing inhibitor covalently bound wild-type c-Src with
greater inactivation rate constant (higher kinact) compared to
that of the α-chloro ketone. These results are also in agreement
with predicted electrophilicity of vinyl sulfonamides and α-
chloro ketones.23 Compounds 8 and 9 are the most potent
inhibitors of T338M c-Src reported to date and demonstrate
the ability of irreversible kinase inhibitors to effectively inhibit
mutant kinases with resistance to their reversible counterparts.

Selectivity of Compound 9. Kinome profiling has shown
dasatinib to be a promiscuous inhibitor of tyrosine kinases.11

We hypothesized that our irreversible dasatinib analogue
(compound 9) would display increased selectivity. Profiling
of 131 kinases was performed at 15 nM (5× IC50 in this assay)
dasatinib or compound 9 using a 2 h incubation (Luceome
Biotechnologies).24,25 Selectivity differences between com-
pounds can be compared by their S-score.26 S-score represents
the fraction of kinases inhibited to a particular level (S35 is the
number of kinases with <35% of control activity divided by the
total number of nonmutant kinases in the panel, here 124). In
this panel, dasatinib has S35 = 0.12 and S15 = 0.08 at 15 nM
(Table 3). Compound 9 has S35 = 0.07 and S15 = 0.03 at 15 nM.

These data indicate that, as predicted, compound 9 has
significantly improved selectivity compared to that of dasatinib
(lower S-score indicates higher selectivity). Full kinome
profiling data can be found in the Supporting Information
Section XV.
We were interested in whether compound 9 would display

binding to kinases with a P-loop Cys (see Supporting
Information Figure S1 for sequence alignment of kinases with
P-loop Cys). Five of the nine kinases with this P-loop Cys are
present in the Luceome panel (SRC, YES, FGFR1, FGFR2, and
LIMK1). Both c-Src and c-Yes are very potently inhibited by
dasatinib; however, dasatinib does not display binding to
FGFR1, FGFR2, or LIMK1.11 Compound 9 only weakly binds
FGFR2 (78.7% of control (POC)), and no binding of
compound 9 was observed to either FGFR1 or LIMK1.
These data indicate that the reversible scaffold selectivity largely
determines which of the kinases containing a P-loop Cys will be
inhibited. Thus, with appropriate selection of the scaffold, it is
possible to obtain selectivity between the nine kinases with a P-
loop Cys.
In our panels, TEC and TXK kinases display increased

binding with compound 9 compared to that of dasatinib.
Notably, both TEC and TXK contain a Cys residue in their
sugar-binding pockets.4 While both TEC and TXK were only
modestly inhibited by compound 9 (TEC = 48.6 POC, TXK =
54.1 POC), these data indicate that it is possible to irreversibly

Figure 3. IC50 value for dasatinib and compounds 8−10 with c-Src
T338M at 120 min and Ki and kinact values for compounds 8 and 9
with c-Src T338M.

Table 3. Selectivity Scores for Dasatinib and Compound 9
against a Panel of 131 Diverse Kinases

compound S15 S35

dasatinib 0.08 0.12
9 0.03 0.07
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inhibit off-target kinases with Cys located elsewhere in the
kinase domain. Furthermore, with modification of the core
scaffold (dasatinib is a weak binder of both TEC and TXK) and
modification of the linker length, it should be possible to
develop highly potent irreversible inhibitors for each of these
kinases using our strategy.
Cellular Efficacy of Compound 9. Compound 9

efficiently reduced the proliferation of HT-29 colon cancer
cells growing in vitro (GI50 = 224 nM). This GI50 is comparable
to reported values for growth inhibition of HT-29 cells by
dasatinib.27 We next examined the efficacy of compound 9
against a breast cancer cell line known to be growth-dependent
upon c-Src (SKBR3).12,28 In SKBR3 cells, compound 9 was an
efficacious inhibitor (GI50 = 91 nM), while dasatinib was less
potent (GI50 = 1.6 μM). As demonstrated with compound 7,
irreversible inhibitors of c-Src can perform with greater cellular
efficacy than their reversible counterpart, which is an important
criterion for their use as biological probes. We also measured
the toxicity of dasatinib and compound 9 to noncancer cells
using primary human mammary cells (HMEC) and found the
off-target cellular toxicity to be similar (2.3 and 1.0 μM,
respectively, see Supporting Information section XII).
Insight into P-Loop Conformation Using Irreversible

Inhibitors. The P-loop of kinases is a highly flexible and
dynamic structure.29,30 P-loop conformation has been proposed
to be responsible for drug selectivity and resistance in
kinases.17,29 Because irreversible inhibitors can report on the
rate of inactivation (kinact),

18 we reasoned that the time scale of
these rate constants should provide us with a simplified model
to study the conformation of the P-loop. Importantly, kinact
values are independent of binding affinity (Ki),

18 enabling their
use in deciphering protein conformation. Thus, kinact values can
report on the distance from inhibitor electrophile to Cys
nucleophile.6

Crystal structures of enzyme-dasatinib complexes indicate
that c-Src has an extended P-loop conformation while c-Abl’s P-
loop is kinked (Figure 4).30 We determined kinact values for
inactivation by compound 7 of both c-Src and c-Abl Q252C.
Consistent with the crystal structure conformation, we

observed that the kinact for c-Abl Q252C was ca. 2× larger
than the inactivation rate constant for c-Src (Figure 5). This

statistically significant (p < 0.05) difference likely results from
the kinked conformation of c-Abl’s P-loop, which positions
Cys252 closer to the vinyl sulfonamide of compound 7 (with
dasatinib bound, c-Abl’s P-loop is 6.9 Å closer to the
aminopyrazole core than the P-loop of dasatinib-bound c-Src,
Figure 4).
We recently reported a series of reversible c-Src inhibitors

that were designed to interact with the “P-loop pocket” of c-
Src.12 We obtained highly specific inhibitors for c-Src that were
unable to bind tightly to both c-Abl and c-Yes.12 Our
hypothesis, consistent with crystal structures for c-Src and c-
Abl, is that the P-loop conformation controls selectivity for this
class of inhibitors.29 Because neither a crystal structure of c-Yes
nor computational prediction of the P-loop of c-Yes has been
reported, we employed our method to study the c-Yes P-loop
conformation. We found that compound 7 inactivated c-Yes
with a rate constant (kinact) nearly identical to the inactivation
rate constant for c-Abl. Consistent with our previously reported
work,12 these data indicate that c-Yes likely has a kinked P-loop
conformation. This hypothesis is intriguing given the high
sequence similarity between c-Src and c-Yes (95% similarity,
90% identity).
In protein kinases, stabilization of the active kinase

conformation has been reported to cause movement of the
kinase P-loop.31,32 We hypothesized that phosphorylation of
the activation loop, which stabilizes the active conformation,
would lead to divergent rates of covalent modification of the P-
loop Cys. We determined kinact values for c-Src∼pTyr416 (c-
Src∼P) and found the inactivation rate constant was ca. 2×
larger in c-Src∼P relative to that of wild-type c-Src (Figure 5).
This trend was also observed in c-Abl Q252C, where the
inactivation rate was ca. 2× higher for the phosphorylated
protein. These data suggest that the P-loop conformation of
both c-Src and c-Abl Q252C is more closed on stabilization of
the active kinase conformation (a larger rate constant implies
closer distance between electrophile and nucleophile).
We next wanted to explore the role of gatekeeper mutation

on P-loop conformation. Gatekeeper mutations in a kinase
generally increase the affinity for ATP relative to wild-type
kinase.17 We hypothesized that this increase in affinity for ATP
might result from movement of the P-loop. Thus, we

Figure 4. Alignment of structures with dasatinib bound to c-Src (PDB
code: 3QLG) and c-Abl (2GQG). c-Src is colored light blue with the
P-loop of c-Src highlighted in yellow. c-Abl is colored light gray with
the P-loop of c-Abl highlighted in red. Dasatinib is shown as a space fill
model.

Figure 5. Relative kinact values for compound 7. Statistical analysis was
performed in GraphPad Prism 4.0 using a two-tailed t test (c-Src KD
vs c-Abl Q252C, p < 0.05; c-Src KD vs c-Yes, p < 0.05; c-Src KD vs c-
Src∼P, p < 0.01; c-Abl Q252C vs c-Abl∼P Q252C, p < 0.01; c-Src KD
vs c-Src T338I, p < 0.01; c-Src KD vs c-Src T338M, p < 0.005).
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determined inactivation rate constants (kinact) for T338I and
T338M c-Src (Figure 5). In both cases, we found that mutation
of the gatekeeper residue of c-Src (to either Ile or Met) caused
a >2× increase in kinact (p < 0.01). On the basis of these results,
we propose that the gatekeeper mutation leads to closure of the
P-loop. The mechanism by which the gatekeeper residue can
alter the P-loop conformation is unknown; however, molecular
dynamics simulations with c-Abl and EGFR have reported that
the gatekeeper mutation causes movement of both the αC-helix
and the P-loop.33,34 This model is consistent with our data and
supports our hypothesis that gatekeeper mutation leads to a
more closed P-loop conformation in c-Src.
Herein, we have demonstrated that inactivation rate

constants (kinact) for irreversible inhibitors may be utilized to
study the conformation of the kinase P-loop. While changes in
kinact could be due to a number of factors, we believe the major
contributor to kinact differences is P-loop conformation. Our
approach is consistent with crystal structures of c-Src and c-Abl
with regard to the P-loop conformation. We applied this
method to study the conformation of the c-Yes P-loop, and
consistent with previously reported results from our
laboratory,12 we believe that c-Yes has a closed P-loop
conformation. Using kinact data, we further hypothesize that
both phosphorylation of the activation loop and gatekeeper
mutation leads to increased kinking of the P-loop. To our
knowledge, this represents the first use of irreversible inhibitors
in this context, and we believe this technique should be valuable
for the further study of protein kinase conformation.
Conclusion. We have reported the development and

characterization of the first irreversible inhibitors of wild-type
c-Src. Our method to generate irreversible inhibitors of c-Src
involves modification of a known (and promiscuous) scaffold
by appending an electrophile positioned to covalently modify a
nonconserved cysteine in the P-loop of c-Src. We applied this
method to two distinct scaffolds and identified irreversible
inhibitors for each scaffold. When compared to their reversible
counterparts, our irreversible inhibitors were found to be
significantly more potent and selective in biochemical assays.
Cellular assays demonstrate that our irreversible inhibitors are
more efficacious than reversible inhibitors in inhibiting c-Src in
cellulo. We also demonstrated the applicability of our method to
kinases without a natural cysteine residue in their P-loop using
chemical genetic techniques. Finally, we established the utility
of irreversible inhibitors in studying kinase P-loop conforma-
tion using rates of irreversible inactivation (kinact). Application
to three kinases and three c-Src constructs provides insight into
the how the P-loop conformation is altered by mutagenesis or
between kinases. These results can aid in understanding why P-
loop conformation affects inhibitor selectivity and drug
resistance.12,29 Together, our results demonstrate straightfor-
ward and general methodology for developing irreversible
kinase inhibitors.

■ METHODS
Synthesis of Compounds 1−10. Synthetic schemes, detailed

procedures, and characterization of compounds 1−10 can be found in
the Supporting Information.
Biochemical Inhibition Assays. To determine inhibitor efficacy,

we utilized a previously reported continuous, fluorimetric assay.35

Briefly, phosphorylation of a self-reporting peptide substrate causes a
fluorescence emission increase at 405 nm (ex. 340 nm). Final assay
concentrations were as follows: ATP = 100 μM, substrate peptide =45
μM. For more information and dose−response curves for each
compound, see Supporting Information section VI.

Determination of kinact/Ki.We determined IC50 values at RT with
varied enzyme preincubation times (2, 10, 20, 30, 45, 60, 75, 90, 105,
120 min). For kinact and Ki determination, the values were obtained
directly from nonlinear regression of time-dependent IC50 values as
previously reported.18 See Supporting Information section VIII for
additional information.

Production of c-Src T338M, T338I. Chicken c-Src kinase domain
in pET28a, modified with a TEV protease cleavable N-terminal 6x-His
tag was prepared as previously reported.36 The desired mutation
(either T338M or T338I) was added to this plasmid using the Agilent
QuikChange II kit. The plasmid was transformed by electroporation
into Bl21DE3 electrocompetent cells containing YopH expression
vector in pCDFDuet-1. Cell growth and expression and protein
purification were performed using modified literature protocols for
expression of wild-type c-Src kinase domain.36

Production of c-Abl Q252C. c-Abl kinase domain in pET28a,
modified with a TEV protease cleavable N-terminal 6x-His tag was
prepared as previously reported.36 The Q252C mutation was added to
this plasmid using the Agilent QuikChange II kit. The plasmid was
transformed by electroporation into Bl21DE3 electrocompetent cells
containing YopH expression vector in pCDFDuet-1. Cell growth,
expression, and protein purification were performed using modified
literature protocols for expression of wild-type c-Abl kinase domain.36

v-Src/3T3 Cell Growth Assays in 3D Culture. Prior to plating
cells, 50 μL Cultrex basement membrane extract (BME, Trevigen) was
added to each well of a 96-well plate incubated on ice and then
allowed to gel (cushion formation) over a 30 min time period in a 37
°C incubator. v-Src 3T3 cells were then dispersed from flasks and
collected by centrifugation (200 × g for 5 min at RT). An aliquot of
the resuspended cells was mixed with trypan blue solution, and the cell
number was quantified using a hemacytometer. Next 100% DMSO
compound stocks were prepared to 100× the final concentration that
is desired in the assay. Three microliters of the DMSO stock solution
was then added to 297 μL of the cell suspension supplemented with
5% BME to give a DMSO concentration of 1%. The cells were plated
at about 1.0 × 104 cells per well (100 μL/well) in triplicate for each
compound concentration. The plate was then placed within the
IncuCyte imager in the 37 °C, 5% CO2 humidified incubator, and
camera images were taken every 2 h to measure confluency
percentages over time. The data was plotted as a percentage of the
vehicle (1% DMSO alone), and analysis and curve fitting was
performed using GraphPad Prism. Kinetic growth curves were based
off of the first 24 h of cell growth inhibition and used to construct GI50
curves.

Cell Growth Inhibition Assays. Cancer cell lines (obtained from
ATCC) were dispersed from 70−80% confluent monolayer cultures
using 0.25% trypsin-EDTA and plated in 96-well microtiter plates at
5.0−7.0 × 103 cells per well. The cells were allowed to attach for 24 h
in medium (DMEM, 10% FBS, 1X pen/strep) at 37 °C in a humidified
incubator with 5% CO2. After 24 h, the growth medium was replaced
with medium (DMEM, 10% FBS, no antibiotic) containing compound
to be tested at 1% DMSO final concentration. Medium and compound
were replaced every 24 h. After 72 h, WST-1 (Roche Applied Science)
was added according to the manufacturer’s procedure and incubated
for 60 min. After incubation, absorbance readings at 450 and 630 nm
were taken. Data analysis and curve fitting was performed using
Graphpad Prism software. See Supporting Information section XII for
dose−response curves.

Kinome Profiling of Compound 9. Kinome profiling of dasatinib
and compound 9 was performed by Luceome Biotechnologies
(Tucson, AZ).24,25 To select an appropriate concentration, IC50 values
for dasatinib and compound 9 were obtained using the Luceome
technology. Nearly identical IC50 values were obtained (3.1 nM for
dasatinib, 3.7 nM for compound 9). Both dasatinib and compound 9
were profiled at a concentration of 15 nM. Full profiling results are
available in the Supporting Information section XV.
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