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ABSTRACT: The kinetic mechanisms for the inhibition of pp60c-src tyrosine kinase (Src TK) by
4-anilinoquinazolines, an important class of chemicals as protein kinase inhibitors, were investigated.
4-Anilinoquinazolines with a bulky group at the 4′-position of the anilino group were shown to be
competitive with both ATP and peptide, whereas molecules lacking such a bulky group only displayed an
inhibition pattern typical of those competitive with ATP and noncompetitive with peptide. Modifications
of the substituents on the carbocyclic ring did not perturb the inhibition pattern although the affinities of
these modified inhibitors for Src TK were affected. Structural modeling of Src TK with inhibitor and
peptide substrate bound indicated a direct atomic conflict between the bulky 4-position group and the
hydroxy of the peptide tyrosyl to which theγ-phosphate of ATP is transferred during the kinase reaction.
This atomic conflict would likely prevent simultaneous binding of both inhibitor and peptide, consistent
with the observed kinetic competitiveness of the inhibitor with peptide. The dual site inhibitors appeared
to have both enhanced potency and selectivity for Src TK. One such inhibitor, 4-(4′-phenoxyanilino)-
6,7-dimethoxyquinazoline, had a 15 nM potency against Src TK and was selective over receptor tyrosine
kinases VEGFR2 by 88-fold and C-fms by 190-fold.

Protein kinases are crucial components of the signal
transduction pathways that are central to cellular and
biological functions (1, 2). Consequently, enhanced activities
of protein kinases have been linked to many diseases such
as cancer, diabetes, and inflammatory conditions (3-6).
Inhibition of protein kinases is currently a popular approach
taken by the pharmaceutical industry for developing effective
treatments of these diseases (7-15). These drug discovery
efforts have led to increased understanding of the kinetics,
mechanisms, structures, and interactions of small molecule
inhibitors of protein kinases, thus providing a framework for
rational design of protein kinase inhibitors.

Given that protein kinases have two substrate-binding sites,
three mechanisms could be exploited to inhibit a protein
kinase: targeting (a) the ATP1-binding site, (b) the peptide-
binding site, or (c) both the ATP and peptide sites simulta-
neously. Since ATP is a substrate shared among all protein
kinases and the ATP-binding site of protein kinases is
relatively conserved (16, 17), selectivity could be an issue

in targeting this site alone. Although recent data suggest that
the conformational structure of the ATP site is quite diverse
among protein kinases and, in certain cases, inhibitors of
homologous protein kinases can be very selective (7, 11, 14,
15, 18, 19), developing ATP site inhibitors with high
selectivity remains a challenging task. The peptide-binding
site provides a potentially good alternative target for
developing selective inhibitors given that the peptide site
shows lower homology than the ATP site shared between
protein kinases. However, the peptide site is generally
shallow and largely exposed to solvent, and, therefore, it is
difficult to develop inhibitors with sufficiently high potency
and to meet in vivo efficacy requirements. It is conceivable
that a dual site inhibitor could be potent and, yet, provide a
selectivity advantage. Most of the inhibitors of protein
kinases identified so far are competitive with ATP, few are
specific for the peptide site, and only a handful of dual site
inhibitors are known to date (9, 20-22). For those known
dual site inhibitors, the mechanism of action and the
structural features responsible for the observed dual site
inhibition are poorly understood.

In the current study, we investigated the kinetics of
inhibition of pp60c-src tyrosine kinase (Src TK) by 4-anili-
noquinazolines, a class of compounds that have been reported
to inhibit a number of protein kinases, such as EGFR TK
(23), CDK2 (24), and p38 kinase (24). Similar to many other
protein kinase inhibitors, many 4-anilinoquinazolines dis-
played a typical inhibition pattern that is competitive with
ATP and noncompetitive with peptide. To our surprise,
relatively small changes in substituents at the anilino group
of 4-anilinoquinazolines caused the compounds to become
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dual site inhibitors that are competitive with both ATP and
peptide and resulted in increased potency as well as enhanced
selectivity. Computer modeling according to reported Src
TK structures and binding modes of known 4-anilino-
quinazoline-kinase cocrystals was performed in order to
understand the structural and mechanistic changes. The
results from the computer modeling supported the dual site
inhibition as suggested by the kinetic data and provided a
structural model upon which further improvements in potency
and selectivity of 4-anilinoquinazolines for Src TK may be
designed.

EXPERIMENTAL PROCEDURES

Materials. The peptide substrate for Src tyrosine kinase,
acetyl-EEIYGEI-NH2, was purchased from Synpep. ATP,
MgCl2, BSA, HEPES, PEP, PK, LDH, and pyruvate were
of reagent grade from Sigma. Stock solutions of peptide,
ATP, MgCl2, and NADH were prepared in 100 mM HEPES,
pH 7.5. Stock solutions of PEP and pyruvate were prepared
in 100 mM HEPES, and the final pH was adjusted to 7.5
with NaOH. PK and LDH stocks were prepared in H2O and
then mixed with the stock solutions of PEP, NADH, and
pyruvate to form a single stock solution. This single stock
was then aliquoted and stored at-80 °C prior to use.

Preparation of Quinazolines. 4-Anilinoquinazolines were
prepared from coupling the corresponding 4-chlorodimethox-
yquinazoline and aniline according to literature procedures
(25).

Construction, Expression, and Purification of Src TK. A
recombinant Src TK (dm-Src TK) was expressed in bacu-
lovirus as an N-85 protein deletion mutant with two point
mutations, Y338F and Y530F, and purified according to Ellis
et al. (26).

Spectrophotometric Assays of dm-Src TK. Prior to per-
forming an assay, dm-Src TK was preactivated by incubating
enzyme (∼30 µM) with 10 mM MgCl2 and 1 mM ATP in
100 mM HEPES, pH 7.5, containing 0.1 mg/mL BSA at 4
°C for 40 min to allow for enzyme autophosphorylation (27).
The spectrophotometric assay of dm-Src TK was performed
according to Edison et al. (28) with minor modifications.
The phosphorylation of peptide and the production of ADP
were coupled to the oxidation of NADH using PEP, PK,
and LDH and monitored by following the decrease in
absorbance at 340 nm (A340). Then 200µL reaction mixtures
were prepared in a clear flat-bottom 96-well plate (Costar)
and contained 1 mM PEP, 0.3 mM NADH, 25 units/mL PK,
60 units/mL LDH, 0.1 mg/mL BSA, 5% DMSO with or
without inhibitor, varying concentrations of ATP and peptide,
and activated dm-Src TK at a concentration in the range of
4-50 nM. The reactions were initiated by addition of
enzyme.A340 values of progress curves were recorded by a
96-well plate reader (SpectraMax 250, Molecular Device)
at room temperature (22°C).

Data Analysis. Initial rates (mOD/min) were determined
by a linear least-squares regression analysis of the progress
curves obtained from spectrophotometric measurements as
described above. The initial rates in mOD/min were then
converted to values inµM/min using the extinction co-
efficient of 3.41 mOD/mM for NADH in 200µL reac-
tion solutions in 96-well plates with a path length of 0.55
cm.

The initial rates as a function of both substrate concentra-
tions were fitted to eq 1 (29) for a fast equilibrium random
mechanism as it was described previously for Src TK (30):

where υ is the measured initiate rate,V is the maximum
velocity,A andB are the concentrations for substrates A and
B, respectively,Kia is the dissociation constant for the binary
EA complex, andKa and Kb are the Michaelis-Menten
constants for A and B, respectively. For inhibitors which
are competitive vs A and noncompetitive vs B, the inhibition
data from variation ofA andB, respectively, were fitted to
(29)

and

whereVb and (Ka)b are, respectively, the apparent maximum
velocity at a fixedB and the Michaelis-Menten constants
for A at a fixedB; Va and (Kb)a are, respectively, the apparent
maximum velocity at a fixedA and the Michaelis-Menten
constants for B at a fixedA; I is the concentration of inhibitor
I; and Kis andKii are, respectively, the slope and intercept
inhibition constants. Equation 2 was also used for fitting data
obtained for dual site inhibitors, which are competitive vs
both substrates. For dual site inhibitors, the inhibition
constant for the binary EI complex,Ki, was calculated by
using eq 4 (eq A7, Appendix):

whereKib is the dissociation constant for the binary complex
EB. For inhibitors competitive vs A and noncompetitive vs
B, from variation ofA, Ki was calculated by using eq 5 (31):

where

in whichKi′ is the inhibition constant for the ternary complex
EBI. From variation ofB, Ki was calculated by using (31)

υ ) VAB
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andKi′ was calculated by using (31)

Computer-Graphic Modeling. Src protein and ligand
complex computer models were generated from protein
databank structures and energy-minimized models of the
ligands (32). The molecular modeling program MacroModel
(Version 7) was used for the superposition of protein
structures and subsequent molecular mechanics modeling.
The all-atom Amber force field as implemented in Macro-
Model was used for the molecular mechanics computations
(33). Only one tyrosine kinase structure is available with a
substrate, or substrate model, bound to the protein. This
structure is the insulin receptor tyrosine kinase (protein
databank file 1ir3.pdb) (34) with an 18 amino acid peptide
substrate. This structure was used as the starting point for
the substrate sequence modeled into Src. As an initial starting
point, for Src, the crystal structure 2src.pdb (35) was used.
Into this structure was docked theR-helical structure of the
substrate sequence acetyl-AAAEEIYGEI-NH2, which is the
substrate sequence used in the enzyme assays. Initial starting
points for the model were obtained by superposition of
insulin receptor kinase over the Src TK, with the superposi-
tion atoms being those of the ATP group. Different confor-
mations for the phosphate groups of ATP were found in the
two structures, and, thus, only the adenine and the ribose
atoms were used in the superposition.

Compounds1, 4, and9 were docked into the Src model
containing the substrate. The starting point for these ligands
was the conformation seen in CDK2 and p38 for similar
compounds (24). Conformational searches of the flexible
bonds of the ligands were done keeping the protein rigid
with force field constraints. After the conformational search,
additional minimizations allowing movement of the protein
were done, with the found ligand conformations.

RESULTS AND DISCUSSION

Kinetic Properties of dm-Src TK. The Src TK used in this
study was a variant of N-85, a truncated mutant of Src TK
(30), which will be hereby referred to as “wt-Src TK”. This
variant of N-85 had two point mutations (Y338F; Y530F)
and will be hereby referred to as “dm-Src TK”. This double
mutant was designed for producing a more homogeneous
protein preparation (26). The kinetic mechanism of wt-Src
TK was determined previously to be a sequential bi-bi rapid
equilibrium random mechanism (30). The kinetic pattern
(Figure 1) of dm-Src TK, as probed by varying both [ATP]
and [peptide], was similar to the pattern reported for wt-Src
TK (30). The kinetic properties of dm-Src TK, as determined
by fitting the kinetic data to eq 1, were also similar to the
kinetic properties obtained previously for wt-Src TK (Table
1). The mode of inhibition of dm-Src TK probed by using
dead end inhibitors was also consistent with a bi-bi rapid
equilibrium random mechanism (data not shown) as it was
reported for the wild type (30). Kinetic data subsequently
obtained for dm-Src TK were then treated assuming that dm-
Src TK followed a bi-bi rapid equilibrium random mecha-
nism.

Kinetic Inhibition of dm-Src TK. The structures of 4-anili-
noquinazolines for which kinetic inhibition mechanisms were
investigated in this study are given in Figure 2. The kinetic
inhibition patterns for three 4-anilinoquinazolines,1 (Figure
3), 2 (data not shown), and3 (data not shown), were
competitive with ATP and noncompetitive with peptide,

Ki′ )
Kii

1 + A
Ka

(8)

FIGURE 1: Kinetics of dm-Src TK. (A) Double-reciprocal plot of
1/υ vs 1/[MgATP] ([MgATP] ) 1000, 500, 250, 125, 62.5, and
31.25 µM) at [peptide]) 62.5 (0), 125 (9), 250 (3), 500 (1),
1000 (O), and 2000 (b) µM. (B) Double-reciprocal plot of 1/υ vs
1/[peptide] ([peptide]) 2000, 1000, 500, 250, 125, and 62.5µM)
at [MgATP] ) 31.25 (0), 62.5 (9), 125 (3), 250 (1), 500 (O),
and 1000 (b) µM.

Table 1: Kinetic Properties of Src TK Constructs at pH 7.5, 22°C

enzyme kcat, s-1 Ka, µM Kb, µM Kia, µM Kib, µM

wt-Src TKa 3100( 140 80( 11 82( 8 200 190
dm-Src TKb 2200( 99 55( 10 134( 24 120 294

a From Boerner et al. (30). b The kinetic parameters were obtained
from nonlinear least-squares analysis of data according to eq 1.

FIGURE 2: Chemical structures of 4-aniniloquinazolines for which
kinetic inhibition mechanisms were investigated in this study.
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which is typical of most small molecule protein kinase
inhibitors (9, 20, 21). It was somewhat surprising that4,
which is quite similar in structure and size to1, 2, and3,
clearly and consistently displayed an inhibition pattern that
is competitive with both ATP and peptide (Figure 4).
Replacing the 4′-phenoxy of4 with an anilino group (5)
maintained the competitiveness of4 with both substrates
(data not shown). Replacing the 6,7-dimethoxy of4 with an
amino at 7 (6) or eliminating both of the methoxy groups
(7) did not perturb the inhibition pattern (data not shown)
although such structural changes affected the binding affinity
of the compounds for enzyme (see below).Kis andKii (Table
2), the slope and intercept inhibition constants, for these
compounds were obtained by nonlinear least-squares fit of
the inhibition data to eqs 2 or 3 according to the inhibition
patterns established for these compounds. Subsequently,Ki,
the inhibition constant for the binary complex EI (Table 2),
was calculated by using eqs 4, 5, or 7 according to the
mechanism of inhibition and which substrate was varied. The
similarity in theKi values obtained from varying ATP and
peptide, as shown in Table 2, suggests internal consistency
of the data. This result and the inhibition patterns determined
for 1-7 indicate that the 4′-phenoxy in4 and the 4′-anilino
group in5 are structural determinants for the change of the
inhibition pattern from being only competitive with ATP,
as displayed by1, 2, and3, to becoming competitive with
both ATP and peptide, as demonstrated for4 and5.

From a structural standpoint, two possible mechanisms
exist for an inhibitor to display competitiveness toward both
substrates. In one scenario, an inhibitor physically occupies
both binding sites and, thereby, prevents the binding of either
substrate at their respective binding site. Such inhibitors are
“physical” dual site inhibitors for which the displayed kinetic
competitiveness against both substrates does not require
structural changes in enzyme. Alternatively, an inhibitor

binds at one substrate-binding site of enzyme, and this
binding induces a conformational change in the other site
of the enzyme that excludes the binding of the other substrate.
Such inhibitors are not physical dual site inhibitors and
require structural changes in enzyme to show the kinetic
competitiveness against both substrates. Whether 4-anilino-

FIGURE 3: Inhibition of the dm-Src TK reaction by1. (A) Double-
reciprocal plot of 1/υ vs 1/[MgATP] ([MgATP] ) 1000, 600, 400,
200, and 100µM) at [I] ) 0 (9), 0.4 (3), 1 (1), 2 (O), and 4 (b)
µM. (B) Double-reciprocal plot of 1/υ vs 1/[peptide] ([peptide])
2000, 1500, 1000, 500, and 200µM) at [I] ) 0 (9), 0.4 (3), 1 (1),
2 (O), and 4 (b) µM.

FIGURE 4: Inhibition of the dm-Src TK reaction by4. (A) Double-
reciprocal plot of 1/υ vs 1/[MgATP] ([MgATP] ) 1000, 600, 400,
200, and 100µM) at [I] ) 0 (9), 0.04 (3), 0.1 (1), 0.2 (O), and
0.4 (b) µM. (B) Double-reciprocal plot of 1/υ vs 1/[peptide]
([peptide]) 2000, 1500, 1000, 500, and 200µM) at [I] ) 0 (9),
0.04 (3), 0.1 (1), 0.2 (O), and 0.4 (b) µM.

Table 2: Pattern and Constants of Inhibition of dm-Src TK by
Small Molecule Inhibitors at pH 7.5, 22°Ca

variation of ATP variation of peptide

molecule MI Kis Ki
b MI Kis Kii Ki

b Ki′ c â

1 C 0.14 0.06 NC 0.29 1.20 0.13 0.32 2.5
2 C 0.18 0.20 NC 0.88 0.94 0.39 0.25 0.7
3 C 0.30 0.13 NC 0.53 2.06 0.23 0.55 2.4
4 C 0.040 0.015 C 0.036 0.016
5 C 0.085 0.031 C 0.040 0.018
6 C 1.67 0.62 C 1.44 0.64
7 C 3.44 1.28 C 2.75 1.22
8 C 6.27 2.32 C 7.41 3.29
9 C 0.33 0.08 NC 0.46 6.14 0.21 1.65 8.1

10 C 0.84 0.62 NC 1.83 3.33 0.81 0.89 1.1
a All values are in micromolar. The slope and intercept inhibition

constants,Kis andKii , respectively, were obtained from nonlinear least-
squares analysis of data according to eqs 2 or 3 dependent upon the
inhibition pattern the data represented.b Ki, the inhibition constant for
the binary complex EI, was calculated by using eqs 4, 5, or 7, dependent
upon the inhibition pattern, with [ATP]) 150 µM if peptide is the
varied substrate or [peptide]) 500µM if ATP is the varied substrate.
c Ki′, the inhibition constant for the ternary complex EBI, was calculated
by using eq 8, with [ATP]) 150 µM. The â values were calculated
using eq 6; MI, mode of inhibition; C, competitive; NC, noncompetitive.
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quinazolines4-7 are physical dual site inhibitors cannot be
unambiguously established solely from the kinetic experi-
ments described above.

Computer-Modeling of Src-Inhibitor Complexes.Computer-
modeling was performed to see if it is possible that those
inhibitors that are kinetically competitive with both substrates
may physically occupy part of the peptide-binding site and,
thereby, prevent peptide binding in the ternary complex.

The crystal structure of Src TK bound with a nonhydro-
lyzable ATP analogue, AMPPNP, reported by Xu et al. (35)
was used as a starting point. Into this structure was docked
the peptide substrate used in the kinetic experiments with
Src TK (acetyl-EEEIYGEI-NH2). Initial starting points for
this model were obtained by superposition of AMPPNP
bound at the active site of Src with AMPPCP of the crystal
structure (34) of IR TK, which is the only crystal structure
available for protein tyrosine kinases where both an ATP
analogue and a peptide substrate are bound simultaneously

at the active site. After the initial positions of the Src peptide
substrate were obtained, structures of enzyme-inhibitor-
peptide ternary complexes were obtained by docking inhibi-
tors in conformations seen in CDK2 and p38 for similar
compounds (24). The final structural models were obtained
by conformational searches for the flexible bonds of the
ligands first keeping protein and peptide rigid, followed by
additional conformational searches allowing movement of
the protein and peptide, with the found ligand conformations
kept static. An alternative model for substrate binding has
been presented in the work of Gaul et al. (36).

As shown in Figure 5A, the phenoxyl group of4 bound
at the ATP site of Src collides with the tyrosyl of the peptide
substrate if also bound to Src. The tyrosyl group will need
to move by 5-6 Å in order to avoid such an atomic conflict.
This movement is potentially highly energetic, resulting in
loss of affinity of the peptide for the inhibitor-bound enzyme.
Compared to the structure of Src with4 binding at the ATP

FIGURE 5: Computer-generated models of Src TK. (A) AMPPNP,4, and peptide substrate. Oxygen is red, phosphorus is orange, nitrogen
is blue, carbon is either white or gray, hydrogen is aqua, and sulfur is yellow. The carbon atoms of AMPPNP are dark gray as is the
substrate tyrosine group. The carbon atoms of the inhibitor4 and the substrate in that model are pale gray. (B) Superimposed models of
compounds1 and4 with the carbon atoms of4 and the substrate tyrosine side chain in dark gray.
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site,1 binds easily at the ATP site with the peptide substrate
binding at the peptide site (Figure 5B). No distortion of the
peptide is necessary. These data are consistent with the
kinetic results where4 is competitive with both ATP and

peptide and1 is competitive with ATP and noncompetitive
with peptide and suggest that these “dual site” inhibitors
bearing a large 4′-substituent do compete physically with
peptide substrate.

AlternatiVe Binding Modes of9? It was curious that the
kinetic inhibition pattern displayed by9, which has a bulky
4′-substituent, was competitive with ATP but not with
peptide (Figure 6), an exception to the dual site inhibition
pattern displayed by other compounds having a bulky 4′-
group. However, the affinity of the compound for Src TK
determined from the noncompetitive binding mode was much
higher (∼8-fold, the â value in Table 2) than the value
determined from the competitive inhibition pattern, suggest-
ing that the binding modes of9 between its competitive and
noncompetitive inhibitions may be different. Computer-
modeling indicated that9 can bind snuggly at the ATP site
of Src TK in the absence of peptide, but the 4′-group of9
can fold back during binding in the presence of peptide that
would make enough room for peptide binding (Figure 7),
albeit that this binding mode is more energetic and, therefore,
the binding less tighter.

Potency and SelectiVity of Dual Site Inhibitors. Having
identified the structural determinants for 4-anilinoquinazo-
lines as dual site inhibitors of Src, we asked the question
whether such dual site inhibitors would provide an advantage
in potency and selectivity over the nondual site inhibitors.
The IC50 values for inhibition of the nonreceptor tyrosine
kinases Src and Lck and the two receptor tyrosine kinases
VEGFR2 and C-fms were obtained for4, a dual site inhibitor,
and11, a nondual site inhibitor. As shown in Table 3, there
is a good correlation between the IC50 values for Src and
Lck, which is not unexpected given the close homology
between the two kinases. However, the dual site inhibitor4
is more potent than the nondual site inhibitor11 by a factor
of 129 for Src and 28 for Lck. Both11 and 4 are about

FIGURE 6: Inhibition of the dm-Src TK reaction by9. (A) Double-
reciprocal plot of 1/υ vs 1/[MgATP] ([MgATP] ) 1000, 600, 400,
200, and 100µM) at [I] ) 0 (9), 1 (3), 3 (1), 6.67 (O), and 10
(b) µM. (B) Double-reciprocal plot of 1/υ vs 1/[peptide] ([peptide]
) 2000, 1500, 1000, 500, and 200µM) at [I] ) 0 (9), 1 (3), 3
(1), 6.67 (O), and 10 (b) µM.

FIGURE 7: Computer-generated models of Src TK with9 and peptide substrate. Oxygen is red, nitrogen is blue, carbon is either white or
gray, hydrogen is aqua, and sulfur is yellow. The carbon atoms of the inhibitor9 and the substrate tyrosine group are pale gray.
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equally potent against VEGFR2 and C-fms. It is interesting
that the nondual site inhibitor11 is about equally potent in
the inhibition of Src and C-fms whereas the dual site inhibitor
4 is much less potent in the inhibition of C-fms when
compared to Src. To quantitate the selectivity of4 and11,
eq 9 was used:

where IC50(1) and IC50(2) are, respectively, the values of4
for enzymes 1 and 2 and IC50(1r) and IC50(2r) are, respectively,
the values of11 for enzymes 1 and 2. Thus, by having an
anilinophenoxyl,4 gains a selectivity of 5, 88, and 190 for
Src over Lck, VEGFR2, and C-fms, respectively. This
selectivity pattern was generally conserved for other dual
site inhibitors (data not shown).

Conclusion. 4-Anilinoquinazolines with a bulky group at
the 4′-position of the anilino group were shown to be
kinetically competitive with both ATP and peptide. Such a
“dual site” inhibition pattern may have resulted from a
possible physical collision between the 4′-group and the
phospho-accepting tyrosyl of peptide bound at the peptide-
binding site of Src TK, as suggested from computer
modeling. The dual site inhibitors appeared to have both
enhanced potency and selectivity for Src TK. Future work
to further explore such dual site inhibition may help design
inhibitors with better potency and selectivity.

ACKNOWLEDGMENT

Dr. Edgar Wood, Mr. Brad O’McDonald, and Ms. Wendy
Liu are sincerely acknowledged for sharing unpublished
inhibition data on VEGFR2 and C-fms.

APPENDIX

A dual site inhibition mechanism is depicted as follows:

in which inhibitor I can only bind the free enzyme. Using
the method outlined for derivation of equations for rapid

equilibrium mechanisms (31), the kinetic inhibition equation
for the above dual site inhibition can be expressed as

Rearranging eq A2 to express B as a fixed substrate and A
as the varying substrate, we have

in which

and

Solving eq A6 forKi, we have
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