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ABSTRACT: Inhibition of tumor angiogenesis leads to a lack of oxygen and nutrients in the tumor and therefore
has become a standards of care formany solid tumor therapies.Dual inhibition of vascular endothelial growth
factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR) protein kinase activities
is a popular strategy for targeting tumor angiogenesis. We discovered that TAK-593, a novel imidazo[1,2-
b]pyridazine derivative, potently inhibits tyrosine kinases from the VEGFR and PDGFR families. TAK-593
was highly selective for these families, with an IC50>1 μMwhen tested against more than 200 protein and lipid
kinases. TAK-593 displayed competitive inhibition versus ATP. In addition, TAK-593 inhibited VEGFR2 and
PDGFRβ in a time-dependent manner, classifying it as a type II kinase inhibitor. Analysis of enzyme-inhibitor
preincubation experiments revealed that the binding of TAK-593 to VEGFR2 and PDGFRβ occurs via a
two-step slow binding mechanism. Dissociation of TAK-593 from VEGFR2 was extremely slow (t1/2 >17 h),
and the affinity of TAK-593 at equilibrium (Ki*) was less than 25 pM. Ligand displacement analysis with a
fluorescent tracer confirmed the slow dissociation of TAK-593. The dissociation rate constants were in good
agreement between the activity and ligand displacement data, and both analyses supported slow dissociation
of TAK-593. The long residence time of TAK-593 may achieve an extended pharmacodynamic effect on
VEGFR2 and PDGFRβ kinases in vivo that differs substantially from its observed pharmacokinetic profile.

Angiogenesis, i.e., the development of new blood vessels to
supply oxygen and nutrients, plays a pivotal role in the growth of
solid tumors (1). Vascular endothelial growth factors (VEGFs)
are key stimulators of tumor angiogenesis that promote events such
as endothelial cell proliferation (2). VEGFs are soluble dimerized
glycoproteins with molecular masses of approximately 40 kDa.
Inmammals, fivemembers of the VEGF family have been identi-
fied (VEGFA, VEGFB, VEGFC, VEGFD, and placental growth
factor) (3). There are three vascular endothelial growth factor
receptors (VEGFRs) known as VEGFR1 (Flt1), VEGFR2
(KDR/Flk1), and VEGFR3 (Flt4). They are members of the
receptor tyrosine kinase (RTK) family belonging to the same
subclass as the receptors for platelet-derived growth factors
(PDGFs) and fibroblast growth factors (FGFs). Each VEGF
receptor forms a homodimer or heterodimer (VEGFR1/VEGFR2
andVEGFR2/VEGFR3) uponbindingwith the appropriateVEGF
isoform. VEGFR2 is one of the cell surface-expressed tyrosine
kinase receptors that binds specifically with VEGF and trans-
duces its signals. Recently, it was reported that VEGF pathway
inhibitors displayed invasive tumor growth in some cases (4).
However, VEGF signaling blockade is effective, and several low
molecular weight inhibitors of VEGFR2 kinase activity have
progressed through preclinical and clinical development and
some have even been marketed (5-7).

The platelet-derived growth factor (PDGF) family also plays
an important role in tumor angiogenesis through the receptors
PDGFRR and PDGFRβ. During angiogenesis, PDGFs produced
by endothelial cells and tumor cells activate smooth muscle

cell-like pericytes to stabilize newly formed blood vessels (8). Along
with VEGFRs and PDGFRs, c-Kit1 receptor tyrosine kinase is a
member of the PDGFRandFGFRsuperfamily, and its signaling
is believed to play a role in tumorigenesis (9). Recent studies have
suggested that therapy with Sunitinib (Figure1) (Sutent, a low
molecularweight inhibitor ofVEGFR2kinase, PDGFRβ kinase,
and c-Kit kinase) or Sorafenib (Figure1) (Nexavar, a low molec-
ular weight inhibitor of VEGFR2 kinase, B-Raf kinase, and
PDGFRβkinase) has a profound antiangiogenic effect in vivo (10),
as well as antitumor activity against gastrointestinal stromal
tumors (GISTs) and renal cell carcinoma (RCC) (11).

The activity of RTKs is tightly repressed by a cis inhibition/
transactivation mechanism until the receptor is stimulated by its
corresponding ligand (12).

The equilibrium between inactive and active conformations
of unphosphorylated RTK in solution shifts toward the active
conformation upon ligand binding (13). In the unstimulated state,
the Asp-Phe-Gly (DFG) motif at the beginning of the activation
loop of the RTKprotrudes and interferes with substrate access to
the active site (14). This inactive conformation is called the DFG-
out conformation. After anRTK is stimulated by its ligand, it forms

*Corresponding author. Tel:þ81-6-6308-9046. Fax:þ81-6-6308-9017.
E-mail: miki_hiroshi@takeda.co.jp.

1Abbreviations: ATP, adenosine 50-triphosphate; DMSO, dimethyl sulf-
oxide; DTT, DL-dithiothreitol; EDTA, ethylenediamine-N,N,N0,N0-tetraace-
tic acid; MgCl2, magnesium chloride; MnCl2, manganese chloride; Tris,
tris(hydroxymethyl)aminomethane;Tween-20,polyoxyethylene(20)sorbitan
monolaurate; IC50, inhibitor concentration producing 50% inhibition; c-Kit,
v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homologue;
EGFR, epidermal growth factor receptor; HER2, human epidermal growth
factor receptor 2;HER4, human epidermal growth factor receptor 4;FGFR,
fibroblast growth factor receptor; Src, v-src avian sarcoma viral oncogene
homologue (Schmidt-Ruppin A-2) 1; B-Raf, v-raf murine sarcoma viral
oncogene homologue B1.



Article Biochemistry, Vol. 50, No. 5, 2011 739

an oligomer that triggers autophosphorylation of its tyrosine
residues, including the residues required for enzyme activation
that are located in the activation loop of the kinase domain.
Autophosphorylation of the activation loop shifts the equilib-
rium toward the active conformation and shifts theDFGmotif to
the DFG-in conformation, facilitating substrate access to the
active site. When designing kinase inhibitors to target receptor
protein kinases, it is important to determine the ability of a
putative inhibitor to inhibit the inactive form of the enzyme (15).
The majority of kinase inhibitors target the activated form of the
enzyme with a DFG-in conformation of its activation loop, and
these are categorized as type I inhibitors. In contrast, some kinase
inhibitors (so-called type II inhibitors) bind with the canonical
ATP-binding site of the kinase domain and induce the enzyme
with an inactive conformation (DFG-out) of its activation loop
or a C-helix-out conformation. The first known example was
STI-571 (imatinib mesylate/Gleevec), with Abelson tyrosine
kinase (Abl) adopting the DFG-out conformation (16, 17). Type
II inhibitors have some advantages over type I ATP site
inhibitors, including slower dissociation (18, 19). For example,
Lapatinib (Tykerb), a potent HER2/EGFR dual inhibitor, has
been shown to mostly bind with the inactive conformation of
EGFR (a C-helix-out conformation) through various biochem-
ical and structure biological studies (20). This unique binding
mode enables Lapatinib to bind tightly with EGFR, and as a
result Lapatinib dissociates very slowly from the enzyme. In other
words, the long residence time of Lapatinib on the receptor is
thought to result from its unique mode of binding.Moreover, the
long residence time of Lapatinibmay account for its high potency
in tumor cell proliferation assays (21). On the other hand,
Gefitinib (Iressa) and Erlotinib (Tarceva) are potent selective
EGFR inhibitors that exclusively bind with the active conforma-
tion of EGFR and dissociate rapidly. With respect to VEGFR2
kinase inhibitors, among approved inhibitors Sunitinib is a type I
inhibitor; on the other hand Sorafenib and Pazopanib (Votrient)
(Figure 1) are type II inhibitors. Additionally, there is a type II
inhibitor, Axitinib (Figure 1), which is reported to be highly
potent against nonphosphorylated VEGFR2 and to have a long
residence timewith the targeted enzyme (22) and reported to be in
clinical study for various solid tumors (23).

Inhibitors with a long residence time usually also display slow
binding inhibition in enzymatic analyses(24). There are two common
mechanisms that describe slowbinding inhibition (Schemes 1 and 2).

Scheme 1 represents a one-step binding mechanism with a slow
association rate constant (k1) and an even slower dissociation rate
constant (k2), leading to the slowonset of inhibition. Inhibition of
angiotensin-converting enzyme by captopril or enalapril is con-
sistent with this one-step binding inhibition mechanism (25).
On the other hand, the two-step binding mechanism illustrated
in Scheme 2 involves two steps to reach a final equilibrium of
inhibition. The initial enzyme-inhibitor (EI) complex forms
rapidly and then slowly proceeds to a more stable enzyme-
inhibitor complex (EI*). Inhibition of dipeptidyl peptidase 4 by
vildagliptin (26) and inhibition of HIV-1 integrase by L-870,810 (27)
are processes that are consistent with two-step binding inhibition.

As a result of lead compound optimization to obtain an orally
active low molecular weight compound that potently and selec-
tively inhibits VEGFR and PDGFR, we identified TAK-593
(Figure 1) as a novel potent tumor angiogenesis inhibitor. Here,
we describe the kinase selectivity and inhibition mechanism of
TAK-593 evaluated by enzymatic activity and ligand displace-
ment analyses of VEGFR2 and PDGFRβ. In these analyses,
TAK-593 displayed an extremely slow two-step bindingmechanism
for these two kinases (Scheme 2), which is sometimes ambiguously
referred to as pseudoirreversible inhibition (28). This mechanism
may contribute to the prolonged action of TAK-593 against
VEGFR2 and PDGFRβ kinases in both clinical and preclinical
studies.

MATERIALS AND METHODS

Chemicals. TAK-593 (N-[5-({2-[(cyclopropylcarbonyl)amino]-
imidazo[1,2-b]pyridazin-6-yl}oxy)-2-methylphenyl]-1,3-dimethyl-
1H-pyrazole-5-carboxamide) was synthesized by Takeda Phar-
maceutical Co. Ltd. (Osaka, Japan). Sorafenib (Nexavar; Bayer,
Germany) and Sunitinib (Sutent; Pfizer, USA) were obtained
from commercial sources.

FIGURE 1: Chemical structures of TAK-593 and other VEGFR2 inhibitors.

Scheme 1: One-Step Slow Binding Mechanism

Scheme 2: Two-Step Slow Binding Mechanism
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Reagents. FLAGM2 affinity gel, ATP, DTT, and poly-Glu-
Tyr (4:1) were purchased from Sigma-Aldrich (MO, USA). An
amplified luminescent proximity homogeneous assay (AlphaScreen)
phosphotyrosine (P-Tyr 100) assay kit and AlphaScreen phos-
photyrosine (PT66) assay kit were purchased from PerkinElmer
(MA, USA). [γ-32P]ATP was obtained from GE Healthcare
(WI, USA). Biotinylated poly-Glu-Tyr (4:1) was purchased from
Cisbio (France). 5� kinase buffer A, Eu-anti-His-tag antibody,
and kinase tracer 236 for the LanthaScreen Eu kinase bind-
ing assaywere obtained fromInvitrogen (CA,USA).Recombinant
human cytoplasmic domain of VEGFR1 (Flt-1) (783-1338) with
N-terminal 6 � His tag, VEGFR2 (FLK-1/KDR) (790-1356)
with N-terminal 6�His tag, VEGFR3 (Flt4) (800-1363) with
N-terminal GST tag, PDGFRR (550-1089) with N-terminal 6�
His tag, PDGFRβ (550-1106) withN-terminal 6�His tag, c-Kit
(544-976) with N-terminal GST tag, and recombinant human
catalytic domain ofHER4 (706-991) withN-terminal 6�His tag
were purchased from Upstate (now part of Millipore, MA,
USA). Each kinase was expressed by baculovirus in Sf21 insect
cells. The amino acid sequences of VEGFR2 and PDGFRβ are
shown in Supporting Information Figure S1.
Preparation of Recombinant Kinases. For HER2 kinase,

the cytoplasmic domain (amino acids 676-1255) of human
HER2 was expressed as an N-terminal peptide (DYKDDDD)
tagged protein in a baculovirus expression system. The expressed
HER2 kinase protein was purified with anti-FLAG M2 affinity
gel. For EGFR kinase, the cytoplasmic domain (amino acids
669-1210) of human EGFR was expressed as an N-terminal
peptide (DYKDDDD) tagged protein using a baculovirus expres-
sion system. The expressed EGFR kinase protein was purified by
using anti-FLAG M2 affinity gel.
Inhibitory Activity against VEGFRs and PDGFRs.

VEGFR and PDGFR kinase activity was determined with an
anti-phosphotyrosine antibody and was quantified through the
AlphaScreen system (PerkinElmer, USA). In all experiments, the
ATP concentration was held at apparent Km (Km

app). For
VEGFR2, enzyme reactions were performed in 50 mM Tris-
HCl (pH7.5), 5mMMnCl2, 5mMMgCl2, 0.01%Tween-20, and
2 mM DTT, containing 10 μM ATP at Km

app, 0.1 μg/mL
biotinylated poly-Glu-Tyr (4:1), and 0.3 nM recombinant cyto-
plasmic domain of VEGFR2 (Milliopre). Prior to the catalytic
initiation with ATP, the compound and enzyme were incubated
for 5 min at ambient temperature. After 10 min of enzyme reac-
tion, the reaction was quenched by addition of 25 μL of 100 mM
EDTA, 10 μg/mL AlphaScreen streptavidin donor beads, and
10 μg/mL P-Tyr-100 coated acceptor beads in 62.5 mM HEPES
(pH 7.4) with 250 mM NaCl and 0.1% BSA. Plates were
incubated in the dark overnight and then read on an EnVision
2102multilabel reader (PerkinElmer). For PDGFRβ, the enzyme
assay was performed as described above for 30 min with 0.8 nM
recombinant cytoplasmic domain of PDGFRβ (Millipore) and
10 μg/mL PT66 coated donor beads. For other kinases, the
reaction conditions are described in Supporting Information
Table S1.

Wells containing the substrate and the enzyme without the
compound were used as the total reaction control.Wells contain-
ing biotinylated poly-Glu-Tyr (4:1) and the enzyme without ATP
were used as the basal control. The concentration of TAK-593
that achieved 50% inhibition of the kinase activities of VEGFR1,
VEGFR2,VEGFR3, PDGFRR, PDGFRβ, and c-Kit (IC50 values)
was analyzed using GraphPad Prism version 5.01 (GraphPad
Software, CA, USA). Sigmoidal dose-response (variable slope)

curves were fitted using nonlinear regression analysis, with the top
andbottomof the curve being constrained at 100 and 0, respectively.
Kinetic Mechanism of Inhibition for ATP. To investigate

the kinetic mechanism of ATP inhibition by TAK-593 during
inhibition of VEGFR2 and PDGFRβ, assays were performed at
various ATP concentrations without preincubation of the enzyme
and TAK-593 using the AlphaScreen procedure as described above.
Obtained results were fitted to a competitive kinetic mechanism
of inhibition in GraphPad Prism 5.01.
Kinase Selectivity Panel Experiments. The kinase activ-

ities of HER2, EGFR, and HER4 were determined by filtration
assays using radiolabeled [γ-32P]ATP. Enzyme reactions were
performed in 50 mM Tris-HCl (pH 7.5), 5 mM MnCl2, 0.01%
Tween-20, and 2 mMDTT containing 0.9 μCi of [γ-32P]ATP per
reaction, as well as 50 μM ATP, 5 μg/mL poly-Glu-Tyr (4:1),
0.1% DMSO, and a suitable concentration of recombinant
kinase for the assay (Supporting Information Table S1). The
inhibitory activity of TAK-593 against Aurora-A, CDK1/cyclinB,
CDK2/cyclinA, CDK2/cyclinE, c-Met, FAK, FGFR1, GSK3β,
IGF-1R, IR,MEK1, PKCθ, Src(1-530), andTie2wasmeasured
by using the IC50 Profiler Express selectivity screening service
(Millipore, U.K.). The inhibitory activity of TAK-593 against
B-Raf was measured by using QuickScout custom profiling
service (Carna Biosciences, Japan).

The inhibitory activity of TAK-593 (1 μM) against 265 human
kinases was determined by using the KinaseProfiler selectivity
screening service (Millipore, U.K.). Screening was performed
with the ATP concentration set at Km

app for each enzyme. Then
we performed further assays at various concentrations of TAK-593
for determination of the IC50 against 21 kinases: Abl, Abl (H396P),
Abl (M351T),Abl (Q252H), c-Kit (D816H),ALK, c-Kit (V560G),
c-Kit (V654A), FGFR2, FGFR2 (N549H), Fgr, Fms, Fms
(Y969C), Hck, Lyn, PAK4, PDGFRR (D842 V), PDGFRR
(V561D), Ret, Ret (V804M), and Yes.
Time-Dependent Inhibition of VEGFR2 and PDGFRβ.

In order to examine the time dependence of TAK-593 binding,
assays were performed with various preincubation times of the
enzyme and TAK-593 with the ATP concentration set at Km

app

using the AlphaScreen procedure as described above. IC50 values
were calculated by logistic regression analysis (GraphPad Prism 5).
The fractional activities obtained at each preincubation timewere
fitted to eq 1 (29):

Y ¼ vi expð- kobstÞ ð1Þ
where Y is fractional activity, vi is steady-state velocity without
preincubation, and t is preincubation time.

The obtained kobs values were then plotted as a function of the
inhibitor concentration. If the slope of kobs vs [inhibitor] was
linear, the binding mechanism was considered to be one-step
binding inhibition and was fitted to eq 2:

kobs ¼ k1½I� þ k2 ð2Þ
Alternatively, if the plot was hyperbolic, indicating rate

saturation with respect to inhibitor concentration, then binding
was assumed to be a two-step process and kobs should obey eq 3:

kobs ¼ k4 þ k3½I�=ðKi
app þ ½I�Þ ð3Þ

Ki
app can be converted to the Ki value by the Cheng and

Prusoff equation (30). With a two-step binding mechanism, the
true affinity of the inhibitor (Ki*) is defined by eq 4:

Ki� ¼ k4Ki=ðk3 þ k4Þ ð4Þ
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WhenKi is significantly higher thanKi *, eq 3 is reduced to the
linear form shown as eq 5:

kobs ¼ k4 þðk4=Ki�appÞ½I� ð5Þ
The dissociation half-life (t1/2) was calculated with eq 6:

t1=2 ¼ 0:693=k4 ð6Þ
Equations 2-6 are described in Copeland (31).
Ligand Displacement Analysis with the LanthaScreen

Eu Kinase Binding Assay. The binding assay was performed in
1� kinase buffer A (Invitrogen) containing 2 mM DTT, 50 nM
(KD value) kinase tracer 236 (Invitrogen), 3 nM Eu-anti-His-tag
antibody (Invitrogen), various concentrations of the inhibitor,
and 3 nMVEGFR2 (Millipore). At first, the enzyme, Eu-labeled
antibody, and kinase tracer 236 were incubated for 60 min at
ambient temperature to obtain the maximal LanthaScreen time
resolved-fluorescence resonance energy transfer (TR-FRET)
signal. Next, various concentrations of the inhibitor were added,
and the reduction of TR-FRET signal kinetics was monitored
continuously by use of an EnVision 2102 multilabel reader. For
PDGFRβ, the binding assay was performed as described above
with 100 nM (KD value) kinase tracer 236, 10 nMEu-anti-His-tag
antibody, and 10 nM PDGFRβ (Millipore). To evaluate kon

app

and koff
app of the inhibitors, the kinetics of the reduction of the

TR-FRET signal ratio (emission at 665 nm/emission at 615 nm)
at various inhibitor concentrations were fitted to eq 7 (monophase
exponential decay fitting in GraphPad Prism 5.01):

Y ¼ ðY 0 - plateauÞ expð- kobstÞþ plateau ð7Þ
where Y is the TR-FRET signal ratio,Y0 is the TR-FRET signal
ratio of the reaction when t=0, plateau is the TR-FRET signal
ratio of the reaction when t= ¥, and kobs is the rate constant for
inhibitor binding.

In order to determine rate constants and dissociation half-life,
we used eqs 4-6 in the samemanner for enzymatic activity-based
time-dependent analysis.
Determination of the Dissociation Rate Constant by the

Activity-Based Rapid Large DilutionMethod. To determine
the dissociation rate constant (koff) of the inhibitor, enzyme-
inhibitor dilution assays were performed. This assay was based
on the determination of koff through the kinetics of the recovery
of kinase activity after rapid dilution of the enzyme-inhibitor
complex (31). Recovery of enzyme activity from a preformed
enzyme-inhibitor complex was measured by use of the Alpha-
Screen system (PerkinElmer, USA). The enzyme (at a 100-fold
higher concentration than the final reaction condition) and the
inhibitor (at a 10-fold higher concentration than its IC50 value)
were incubated together in reaction buffer for 60 min at ambient
temperature to achieve equilibrium for the enzyme-inhibitor
complex. Then the complex was diluted 1:100 in reaction buffer
containing 1 mMATP and 0.1 μg/mL biotinylated poly-Glu-Tyr
(4:1) to initiate the kinase reaction. The kinetics of the recovery of
kinase activity after rapid dilution were fitted to eq 8 (32).

Under the above conditions, kobs represents koff of the
enzyme-inhibitor complex, and the dissociation half-life (t1/2)
was calculated with eq 6 after replacing k4 by kobs:

P ¼ vstþ ½ðvi - vsÞ=kobs�½1- expð- kobstÞ� þP0 ð8Þ
where P is the product of kinase reaction (CPS), P0 is the back-
ground signal of the reactionwhen t=0, vi is the initial velocity, vs
is the steady-state velocity, andkobs is the rate constant for inhibition.

Determination of the Dissociation Rate Constant Using
the LanthaScreen Eu Kinase Binding Assay. To determine
the dissociation rate constant of the inhibitor, a ligand displace-
ment based enzyme-inhibitor dilution assay was performed.
This assay involved determination of koff through the kinetics of
recovery of the tracer binding signal after rapid dilution of the
enzyme-inhibitor complex. Recovery of the tracer binding signal
from a preformed enzyme-inhibitor complex was measured
by using the LanthaScreen Eu kinase binding assay. The enzyme
(at a 100-fold higher concentration than the binding assay
conditions) and the inhibitor (at a 10-fold higher concentration
than the IC50 value) were incubated together in 1�kinase buffer
A containing 2 mM DTT for 60 min at ambient temperature to
form the enzyme-inhibitor complex. Then the complex was
diluted 1:100 in 1� kinase buffer A containing 2 mM DTT and
3 nM Eu-anti-His-tag antibody (Invitrogen) to initiate displace-
ment of the inhibitor by an excess of kinase tracer 236. The
kinetics of the recovery of tracer binding activity after rapid
dilution were normalized as a percentage of tracer bound enzyme
(100%; no inhibitor control, 0% no inhibitor and no enzyme
control) and fitted to eq 9.

Under these conditions, kobs represents koff of the enzyme-
inhibitor complex, and the dissociation half-life was calculated
with eq 6, replacing k4 by kobs in the samemanner as for enzymatic
activity based rapid dilution analysis.

Y ¼ 100- spanð1- expð- kobstÞÞ ð9Þ
where kobs is the rate constant for inhibition and span is the
Y value when t=¥.

RESULTS

TAK-593 Is aHighlySelective,ATP-CompetitiveVEGFR/
PDGFR Inhibitor. TAK-593 is an imidazo[1,2-b]pyridazine-
based compound (Figure 1). It was shown to potently inhibit the
kinase activity of VEGFR1, VEGFR2, VEGFR3, PDGFRR,
PDGFRβ, and c-Kit with IC50 values of 3.2, 0.95, 1.1, 4.3, 13, and
100 nM, respectively (Table 1 and Supporting Information
Figure S2). To determine the inhibitory mechanism toward the
substrate ATP, inhibitory assays were performed at various con-
centrations of ATP without preincubation of the enzyme and
the inhibitor. As shown in Figure 2, the apparent value of Km

increased with increasing TAK-593 concentration. These results
are consistent with an ATP competitive mechanism for TAK-
593. To confirm the kinase selectivity of TAK-593 against cancer-
related or well-known kinases, we performed a concentration-
response inhibition assay against 17 kinases. Against this limited
survey TAK-593 only inhibited FGFR1, Src, and B-Raf with
IC50 of 350, 5900, and 8400 nM, respectively. Broadening our
examination of TAK-593 kinase selectivity, we conducted selec-
tivity assays in the presence of TAK-593 at 1 μMagainst over 260
human recombinant protein/lipid kinases, including protein kinases
with known drug resistance or constitutive active mutations
(Supporting Information Table S2). After the single concentra-
tion TAK-593 selectivity assay, IC50 values were determined for
21 kinases that were observed to be sensitive to TAK-593. The
criterion for determination of the IC50 value was more than 50%
inhibition at 1 μM. We performed concentration-response inhib-
ition assays for a total of 45 kinases summarized in Table 1.
TAK-593 potently inhibited (IC50=10 nM) Fms, which resides
within the PDGFR and FGFR superfamily. TAK-593 also
inhibited (IC50=18 nM) Ret, which is closely related to VEGFR



742 Biochemistry, Vol. 50, No. 5, 2011 Iwata et al.

in the kinome, a human kinase dendrogram (33). Other than
PDGFR and the FGFR superfamily, TAK-593 inhibited Abl
andmembers of the Src kinase family such as Src, Fgr, Lyn, Hck,
andYeswith IC50 values ranging from110 to 5900nM.Surprisingly,

TAK-593 did not inhibit any of the Ser/Thr kinases in the assay
panel, except for B-Raf with an IC50 value of 8400 nM. Thus,
we conclude that TAK-593 is a potent, ATP-competitive
VEGFR/PDGFR inhibitor with a highly restricted inhibitory
spectrum for the human kinome.
Slow Binding Inhibition of VEGFR2 and PDGFRβ by

TAK-593. There are recent reports of kinase inhibitors display-
ing time-dependent inhibition (19, 34). To investigate whether
TAK-593 is a slow binding inhibitor of VEGFR2 and PDGFRβ,
kinase assays for VEGFR2 and PDGFRβ were performed after
varied preincubations the enzyme with TAK-593 (Figure 3A,D).
For both enzymes, the IC50 values decreased as a function of
increasing preincubation time. TAK-593 inhibited VEGFR2
with an IC50 of 4.0 nM in the absence of preincubation. On the
other hand, after preincubation for 120 min at ambient tempera-
ture, TAK-593 inhibited VEGFR2 with an IC50 of 36 pM. Thus,
at equilibrium, TAK-593 displayed a 111-fold increase of potency
over its initial binding complex (Table 2). Likewise, TAK-593
revealed a 6.5-fold increase of potency after preincubation with
PDGFRβ (Table 2).By the samemethod,we evaluated two clinically
available multikinase inhibitors, Sorafenib and Sunitinib (Figure 1),
to assess time-dependent binding.LikeTAK-593, Sorafenib inhibited
VEGFR2 and PDGFRβ in a time-dependent manner (Figure 3B,E
and Table 2). On the other hand, the inhibition of VEGFR2 and
PDGFRβby Sunitinib essentially occurred via a rapid equilibrium
binding mechanism (Figure 3C,F and Table 2). Based on the
kinetics of binding to the targets VEGFR2 and PDGFRβ, TAK-
593 was mechanistically closer to Sorafenib than to Sunitinib.

Using data from the preincubation experiments, fractional
activity was plotted as a function of preincubation time, and eq 1
was employed to obtain kobs values for VEGFR2 and PDGFRβ
(Figures 4A-Cand6A-C, respectively).Next, the kobs valueswere
plotted as a function of the TAK-593 concentration (Figures 4D
and 6D, respectively). With a one-step binding mechanism
(Scheme 1) or a two-step binding mechanism (Scheme 2), there
should be linear (35) or hyperbolic dependence (36) of kobs on the
inhibitor concentration, respectively. The hyperbolic dependence
displayed in Figures 4D and 6D is consistent with a two-step
binding mechanism of TAK-593 for VEGFR2 and PDGFRβ.
Nonlinear least-squares fitting of eq 3 to kobs versus inhibitor
concentration yielded the microscopic rate constants k3 and k4.
At a saturating concentration of inhibitor, kobs is equal to k3þ k4,
but since the value of k4 is negligible (as judged from the near zero
y-intercept in Figure 4D), we may make the approximation of
k3 þ k4 ≈ k3 = 1.0� 10-2 s-1 for binding to VEGFR2. From
the above analysis and correction for the substrate concentration
by the Cheng and Prusoff equation (30), a Ki of 3.2 nM was
obtained. To determine the dissociation rate constant (k4) for
VEGFR2 and PDGFRβ, we performed additional preincuba-
tion experiments at much lower inhibitor concentrations than
Ki

app (Figure 5 and Supporting Information Figure S3, respec-
tively). Under such low inhibitor conditions, eq 3 reduces to the
linear form (eq 5) with a y-intercept equal to k4. As seen in
Figure 5A-C, k4 for TAK-593 was determined to be 7.8 �
10-5 s-1 (Table 3). From themicroscopic rate constants and eq 4,
we obtained the true affinity (Ki*) of TAK-593 for VEGFR2 as
∼25 pM. The calculated Ki and Ki* values were in good agree-
ment with the activity-based IC50 values obtained with and
without enzyme-inhibitor preincubation for 120 min. In this
situation, k4 is the rate-limiting step for dissociation of TAK-593
from the enzyme, and the dissociation half-life (t1/2) of TAK-593
andVEGFR2was calculated to be approximately 150min. In the

Table 1: Inhibitory Activity of TAK-593 against 45 Kinases

kinase IC50 (nM) kinase IC50 (nM)

VEGFR1a 3.2 Aurora-A >10000

VEGFR2a 0.95 B-Rafc 8400

VEGFR3a 1.1 CDK1/cyclinB >10000

PDGFRRa 4.3 CDK2/cyclinA >10000

PDGFRR (D842 V) 35 CDK2/cyclinE >10000

PDGFRR (V561D) 1 GSK3β >10000

PDGFRβa 13 MEK1 >10000

c-Kita 100 PAK4 >10000

c-Kit (D816H) 86 PKCθ >10000

c-Kit (V560G) 3 ALK >10000

c-Kit (V654A) 61 c-Met >10000

FGFR1 350 EGFRb >10000

FGFR2 250 FAK >10000

FGFR2 (N549H) 27 HER2b >10000

Fgr 700 HER4b >10000

Fms 10 IGF-1R >10000

Fms (Y969C) 35 IR >10000

Hck 670 Tie2 >10000

Lyn 270

Ret 18

Ret (V804M) 1400

Src 5900

Yes 160

Abl 110

Abl(H396P) 120

Abl (M351T) 21

Abl (Q252H) 140

aThese IC50 determinations were performed by the AlphaScreen
assay. bThese IC50 determinations were performed by the radiometric
assay. cIC50 determination for B-Raf was performed using the QuickScout
custom-profiling service (Carna Bioscience). The other IC50 determinations
were performed using KinaseProfiler IC50 Express (Millipore).

FIGURE 2: Mechanism of inhibition of TAK-593 for VEGFR2 (A) and
PDGFRβ (B) with respect to ATP. All experiments were performed in
quadruplicate by the AlphaScreen method.



Article Biochemistry, Vol. 50, No. 5, 2011 743

sameway, the hyperbolic dependency observed inFigures 4E and
6E is consistent with two-step binding of Sorafenib to VEGFR2
and PDGFRβ. The kinetic parameters for binding of Sorafenib
to VEGFR2 and the kinetic parameters for binding of both inhib-
itors to PDGFRβ are summarized in Tables 3 and 4, respectively.
Ligand Displacement Analysis with the LanthaScreen

EuKinaseBindingAssay. Inaddition to theactivity-basedmethod,
we performed ligand displacement analysis with a LanthaScreen
Eukinase tracer binding assay (37) usingAlexa Fluor 647-labeled
ATP-competitive type I kinase inhibitor as a tracer in order to
determine the mechanism for slow binding of TAK-593 with

VEGFR2 andPDGFRβ. This assaywas similar to that described
byNeumann et al. (38). A decrease of the tracer signal is caused by
binding of the inhibitor. Similar to the results of activity-based
preincubation experiments, TAK-593 and Sorafenib displaced
the tracer in a time-dependent manner (Figure 7A,B), while
Sunitinib did not (Figure 7C). Next, we performed the ligand
displacement assays at inhibitor concentrations low enough to
negate the contribution of probe-binding kinetics to the observed
dissociation rate. When Ki is significantly higher than Ki*, eq 3
converts to linear eq 5. The kinetic constants k4 andKi*

app can be
obtained by fitting of eq 5 to these data: k4 is the y-intercept, and
Ki *

app is calculated from the slope of the linear regression line
and the k4 value. The displacement curves (Supporting Informa-
tion Figure S4A) revealed that the rate was dependent on the
inhibitor concentration. Fitting of eq 7 to the displacement curves
yielded kobs, whichwas replotted versus the inhibitor concentration
with fitting to eq 5 to give the upper limit of k4 as 1.1� 10-4 s-1

(Supporting Information Figure S4C). Finally, we obtained the
Ki * of 570 pM for TAK-593 ligand displacement analysis. Based
on the experimental design, k4 was the rate-limiting step for
dissociation of TAK-593 from the enzyme, so the apparent
dissociation half-life (t1/2

app) of TAK-593 and VEGFR2 was

FIGURE 3: Preincubation time-dependent analysis of TAK-593 (A, D), Sorafenib (B, E), and Sunitinib (C, F). Concentration-dependent
inhibitory curves at various enzyme and inhibitor preincubation timeswere obtained forVEGFR2 (A,B, andC) and PDGFRβ (D,E, andF).All
experiments were performed by the AlphaScreen method. Data represent the mean ( SD (n = 4). Results are representative data from three
independent experiments.

Table 2: Kinase Inhibition Activities with and without Preincubation

VEGFR2 IC50 (nM)a PDGFRβ IC50 (nM)a

0 min 120 min 0 min 120 min

TAK-593 4.0 (0.09) 0.036 (0.0063) 15 (2.7) 2.3 (0.36)

Sorafenib 77 (21) 1.2 (0.61) 2600 (1300) 160 (43)

Sunitinib 0.59 (0.057) 0.38 (0.063) 5.1 (3.6) 6.3 (3.9)

aEstimated IC50 values and SD in parentheses. Data are derived from
three independent experiments.
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calculated to be approximately 130 min. Ligand displacement by
Sorafenib and Sunitinib was similarly examined. As demonstrated
above, Sorafenib displayed two-step binding inhibition like
TAK-593 for VEGFR2 according to enzymatic activity based
analysis. Accordingly, the kinetic constants for Sorafenib were
obtained in the same manner as those for TAK-593 (Supporting
Information Figure S4B,D). In contrast, inhibition of VEGFR2
by Sunitinib did not show time dependence (Figure 7C), so this
two-step binding analysis was not suitable for Sunitinib. As well,
ligand displacement analysis against PDGFRβwas performed in
the samemanner as for VEGFR2 (Figure 7D-F and Supporting
Information Figure S5). The kinetic constants obtained from
these analyses are summarized in Tables 3 and 4.
100-Fold Dilution Assay for Determining Dissociation

Rate Constants for VEGFR2 and PDGFRβ by the Activity-
BasedMethod.The dissociation rate constants (koff) of the inhib-
itors were examined by a rapid large dilution method (39).
Dilutionwas of sufficientmagnitude to reduce the inhibitor concentra-
tion to well below apparent Ki at a saturating ATP concentration.

Under such conditions, inhibitor dissociation is an irrever-
sible event. As shown in Figure 8A, within the time limit of the
assay, the product formation rate of the VEGFR2 enzyme
reaction in the presence of Sunitinib was the same as that of
the control reaction and consistent with a rapid binding mecha-
nism. Accordingly, the recovery of enzymatic activity was too
rapid to determine the dissociation rate constant of Sunitinib
accurately (koff > 0.693/5 min= 2.3� 10-3 s-1) (Table 5). In
contrast, preincubation of VEGFR2with TAK-593 or Sorafenib
resulted in undetectable catalytic activity for 90 min after dilution.
The dissociation rate constant of Sorafenib from VEGFR2
and its t1/2 value were 3.3� 10-5 s-1 and 370 min, respectively
(Table 5), while the dissociation rate constant of TAK-593 from
VEGFR2 and its t1/2 value were 2.5� 10-6 s-1 and 5100 min,
respectively (Table 5). Dissociation of TAK-593 from VEGFR2
was so slow that our determination of koff reflected the upper
limit of its rate. Clearly, the dissociation of TAK-593 was much
slower than that of either Sunitinib or Sorafenib. For TAK-593,
the t1/2 value obtained by this dilution method was much longer

FIGURE 4: Replot of data from the activity-based preincubation analysis displayed in Figure 3 for VEGFR2 as a function of preincubation time
and fitted to eq 1 to obtain kobs values for TAK-593 (A), Sorafenib (B), and Sunitinib (C). Each kobs value was replotted as a function of the
concentration of TAK-593 (D) or Sorafenib (E) and fitted to eq 3. Because Sunitinib inhibited VEGFR2 with a different mechanism from two-
step binding inhibition, the Sunitinib datawere not fitted to eq 3.Data represent themean( SD (n=4). These are representative plots from three
independent experiments.
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than the value obtained by the preincubation time-dependent
assay (Tables 3 and 5). There could be at least two reasons for the
discrepancy between the observed dissociation rate constants.
First, this type of dilution assay only monitors the dissociation
step, as described above, while the preincubation time-dependent
assay monitors both association and dissociation, with the
association rate placing a lower limit on the magnitude of kobs.
Second, it is difficult to determine the difference between zero and
a value close to zero by replot analysis of preincubation time-
dependent assay data when the dissociation rate constant is ex-
tremely small. Finally, using k3=1.0�10-2 s-1 andKi=3.2 nM
from our preincubation analysis (Table 3), as well as k4 (koff)=
2.5�10-6 s-1 from the activity-based enzyme-inhibitor complex
rapid large dilution assay, Ki * of TAK-593 for VEGFR2 was
calculated to be 0.8 pM by using eq 5. Sunitinib dissociated very
quickly from PDGFRβ after rapid dilution in the same manner
as fromVEGFR2 (Figure 8B). In this experiment, the dissociation
rate of TAK-593 fromPDGFRβwas revealed to be slightly faster
than that of Sorafenib, with the dissociation rate constants of
TAK-593 and Sorafenib being 4.5�10-5 and 1.3�10-5 s-1, respec-
tively (Table 5).Using eq7, the t1/2 valuesofTAK-593andSorafenib
were calculated to be 260 and 870 min, respectively (Table 5).

100-Fold Dilution Assay for Determining Dissociation
Rate Constants for VEGFR2 and PDGFRβ by the Kinase
Tracer Binding-Based Method. We also determined the
dissociation rate constants by a ligand displacement method to
confirm the dissociation kinetics of TAK-593, Sunitinib, and
Sorafenib (Figure 8C,D). Once again, dissocation of Sunitinib
from VEGFR2 displayed rapid equilibrium, with the probe
kinetics determining the rate. In contrast, TAK-593 and Sorafe-
nib dissociated slowly fromVEGFR2 (Figure 8C). By fitting eq 9
to the displacement curves, we obtained the dissociation rate
constants. As observed with the activity-based dilution method,
the t1/2 of TAK-593 and Sorafenib was determined to be 65 h and
280 min, respectively (Table 5). These results confirmed that
TAK-593 dissociates from VEGFR2 very slowly. Sunitinib
dissociated rapidly from PDGFRβ in the same manner as from
VEGFR2 (Figure 8D). Similar to the results of the activity-based
dilution assay, dissociation of TAK-593 was revealed to be faster
than that of Sorafenib, with the koff value and t1/2 of TAK-593 for
PDGFRβ being 2.4 � 10-5 s-1 and 500 min, respectively
(Table 5). Dissociation of Sorafenib from PDGFRβ was too
slow for us to determine the dissociation rate constant (calculated
as the upper limit).

FIGURE 5: Replot of data from the activity-based preincubation analysis for inhibition of VEGFR2 by TAK-593 (A) and Sorafenib (B) at low
concentrations. The kobs values were replotted as a function of the concentration of TAK-593 (C) or Sorafenib (D) and fitted to eq 5. Data
represent the mean( SD (n= 4). These are representative plots from three independent experiments.

Table 3: Kinetic Constants for VEGFR2 from Activity-Based Preincubation Assays and Fluorescent Ligand Displacement Assays

method Ki (nM)a Ki* (nM) slope (M-1 s-1)a k3 (s
-1)a k4 (s

-1)a t1/2
app (min)d

TAK-593 activity based 3.2 (0.98) 0.025b 1.0 � 106 (8.7 � 104) 1.0 � 10-2 (1.8 � 10-3) 7.8 � 10-5 (1.3 � 10-5) 150 (23)

ligand displacement ND 0.57c 9.9 � 104 (3.0 � 103) ND 1.1 � 10-4 (6.9 � 10-5) 130 (65)

Sorafenib activity based 69 (26) 0.97b 3.5 � 104 (6.2 � 103) 8.5 � 10-3 (9.8 � 10-4) 1.2 � 10-4 (2.1 � 10-5) 96 (17)

ligand displacement ND 5.0c 4.6 � 103 (1.1 � 102) ND 4.6 � 10-5 (3.7 � 10-5) 350 (90)

Sunitinibe activity based ND ND ND ND ND ND

ligand displacement ND ND ND ND ND ND

aEstimated values and SD in parentheses. bValues calculated with eq 4 usingKI, k3, and k4 values.
cValues calculated with eq 5 using k4 values.

dEstimated
values and SD in parentheses calculated with eq 7 using k4.

eSince Sunitinib did not show slow binding inhibition, these analyses were not applicable. These
results are derived from three independent experiments.
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DISCUSSION

TAK-593 is anovelVEGFR/PDGFRinhibitorwithhighpotency

and high selectivity. TAK-593 only inhibited B-Raf modestly

with an IC50 value of 8400 nM, so its inhibitory spectrum against

protein kinases or cancer cells was predicted to differ from that
of Sorafenib since Sorafenib reportedly inhibits B-Raf and
VEGFR2 almost equally (40). With respect to other kinases
outside the PDGFR and FGFR superfamily, TAK-593 potently
inhibited Abl among wild-type kinases and mutant tyrosine

FIGURE 6: Replot of data from the activity-based preincubation analysis displayed in Figure 3, showing inhibition of PDGFRβ as a function of
preincubation time and fitted to eq 1 to obtain kobs values for TAK-593 (A), Sorafenib (B), and Sunitinib (C). Each kobs value was replotted as a
function of the concentration of TAK-593 (D) or Sorafenib (E) and fitted to eq 5. Because Sunitinib inhibited PDGFRβ with a different
mechanism from two-step binding inhibition, the Sunitinib data were not fitted to eq 3. Data represent the mean ( SD (n = 4). These are
representative plots from three independent experiments.

Table 4: Kinetic Constants for PDGFRβ from Activity-Based Preincubation Assays and Fluorescent Ligand Displacement Assays

method Ki (nM)a Ki* (nM) slope (M-1 s-1)a k3 (s
-1)a k4 (s

-1)a t1/2
app (min)d

TAK-593 activity based 4.5 (1.6) 0.39b 1.6 � 104 (3.3 � 103) 3.0 � 10-4 (6.9 � 10-5) 2.6 � 10-5 (1.3 � 10-5) 510 (220)

ligand displacement ND 3.5c 5.5 � 103 (1.1 � 103) ND 3.9 � 10-5 (3.1 � 10-5) 430 (250)

Sorafenib activity based 270 (60) 7.1b 320 (50) 3.9 � 10-4 (1.6 � 10-4) 1.0 � 10-5 (6.2 � 10-6) 1300 (580)

ligand displacement ND ,52e 190 (15) ND ,1.0 � 10-5 e .1200e

Sunitinibf activity based ND ND ND ND ND ND

ligand displacement ND ND ND ND ND ND

aEstimated values and SD in parentheses. bValues calculated with eq 4 usingKi, k3, and k4 values.
cValues calculated with eq 5 using k4 values.

dEstimated
values and SD in parentheses calculated with eq 7 using k4.

eDue to limitations of the assay system,Ki* and t1/2
app were calculated using k4 as 1.0� 10-5. fSince

Sunitinib did not show slow binding inhibition, these analyses were not applicable. These results are derived from three independent experiments.
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kinases such as c-Kit (V560G), PDGFRR (V561D), and Abl
(M351T). Some kinase mutations observed in cancer cells result
in gain of function that drives tumor proliferation or leads to
resistance against the clinically available kinase inhibitors. For
example, c-Kit and PDGFRR mutations are common in most
GIST patients (41), and c-Kit (V560G) is reported to increase
sensitivity to imatinib (42). Therefore, TAK-593 may inhibit the
proliferation of GIST in the same manner as imatinib. On the
other hand,Abl (M351T)was discovered in chronicmyelogenous
leukemia (CML) and was reported to increase imatinib resis-
tance (43). Treatment with TAK-593 may be particularly effica-
cious for CML, especially in patients with imatinib-resistant
disease, because TAK-593 inhibits both wild-type Abl and the
imatinib-resistant mutant of Abl.

Many protein kinases are regulated through phosphorylation
at specific sites (such as an activation loop), leading to changes of
their conformation and enzymatic activation (15). In general,
phosphorylated kinases adopt an active conformation, and
unphosphorylated kinases adopt an inactive conformation. Type
II kinase inhibitors preferentially bind with the inactive form of
the enzyme, possibly trapping the enzyme in the inactive state,
which may contribute to a higher potency in cellular assays or
in vivo. Keeping this in mind, during the course of compound
optimization,we often performed assayswith theunphosphorylated/

inactive enzyme and assessed its basal catalytic activity. Further-
more, we are required to evaluate inhibitory activity of type II
inhibitors within a short reaction time sincemost of type II kinase
inhibitors display time dependency with their inhibition and
preferably inhibit nonphosphorylated enzyme. Therefore, if we
choose an assay method with long reaction time, as nonphos-
phorylated enzymedecreases andphosphorylated enzyme increases,
wemay underestimate the inhibitory effects ormisunderstand the
slow binding mechanism of type II kinase inhibitors. To address
these necessities, we performed enzyme assays in AlphaScreen
platform that may be desired high sensitivity and performed with
MnCl2 containing buffer in addition to MgCl2 since autophos-
phorylation activity of VEGFR2 increased (44). Promising
compounds were then examined for time-dependent binding in
addition to overall affinity. In the present study, TAK-593 and
Sorafenib inhibitedVEGFR2 and PDGFRβ in a time-dependent
manner, while Sunitinib did not. After 120 min of preincubation,
TAK-593 inhibited VEGFR2 and PDGFRβmore potently than
the other two inhibitors examined. TAK-593 and Sorafenib
interacted with VEGFR2 in a similar manner, accessing the
deeper region of the ATP-binding pocket of the enzyme, which is
often called the back pocket or the DFG-out site. Such binding
might be necessary for time-dependent inhibition but may not be
sufficient since we have observed some inhibitors that interact

FIGURE 7: Displacement of the fluorescent tracer from VEGFR2 (A, B, and C) and PDGFRβ (D, E, and F) monitored in real time at various
concentrations of TAK-593 (A,D), Sorafenib (B, E), and Sunitinib (C, F) for determination of kobs (the rate constant for the onset of inhibition).
Data represent the mean( SD (n= 4). These are representative plots from three independent experiments.
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with the back pocket site but do not display slow binding. As
shown in Table 1, TAK-593 inhibits other kinases less potently
than those of the VEGFR and PDGFR family. We cannot
predict that TAK-593 will inhibit all of these kinases in the same
manner as VEGFR2 and PDGFRβ, since very few kinases are
known to adopt the DFG-out conformation of their activation
loop with or without an inhibitor (18). STI-571, an Abl inhibitor
reported as the first type II kinase inhibitor, binds to c-Kit and
Abl in the same manner (DFG-out conformation) but binds to
SYK differently (DFG-in conformation) (45).

Like other type II inhibitors, TAK-593 displayed slow binding
to VEGFR2 and PDGFRβ. We determined that TAK-593
rapidly formed an initial complex with VEGFR2, with a Ki of
3.2 nM, and then slowly proceeded to a tight complex with a Ki*
of 0.025 nM at equilibrium. From these values, and the Gibbs
free energy equation (ΔG=-RT ln(Ki*/Ki)), the free energy of
transition from the initial complex EI to the more stable complex
EI* was calculated to be 2.86 kcal/mol at 25 �C. Analysis of the
crystal structure of the VEGFR2 complex with TAK-593 revealed

that VEGFR2 existed in the inactive DFG-out conformation
(data not shown). From our results, the DFG-out conformation
of the TAK-593 and VEGFR2 complex may be more stable than
the active DFG-in conformation, contributing to slow dissocia-
tion of TAK-593withVEGFR2protein isomerization.However,
further studies will be needed to clarify the relationship between
biochemical parameters and protein conformational changes.

In this study, we determined the kinetic constants of Sorafenib
and Sunitinib as well as TAK-593 through a binding assay based
on fluorescent-labeled tracer displacement, in addition to using
the conventional method based on enzymatic activity. The chief
advantage of the displacement binding assay over an activity-
based assay is that there is no change from unphosphorylated
to phosphorylated kinase throughout the assay period. Thus,
we could obtain kinetic constants for a single state of the enzyme,
i.e., the unphosphorylated state. Enzymatic activity introduces
the possibility of autophosphorylation during analysis. There-
fore, there might be some uncertainty in the results of activity-
based assays because we cannot control autophosphorylation.

FIGURE 8: Recovery of enzyme activity (A and B) and tracer binding activity (C andD) after 100-fold dilution for estimation of dissociation rate
constants. (A) The 100-fold dilution assay for VEGFR2withTAK-593 (b), Sorafenib (2), or Sunitinib (0) andwithout any inhibitor as a control
(9). (B) The 100-fold dilution assay for PDGFRβwith TAK-593 (b), Sorafenib (2), or Sunitinib (0) and without any inhibitor as a control (9).
All experiments were performed by the AlphaScreenmethod. These are representative plots from three independent experiments. Data represent
themean( SD (n=3). (C) The 100-fold dilution assay for VEGFR2withTAK-593 (b), Sorafenib (2), or Sunitinib (0), without any inhibitor as
a control (9), and without inhibitor or enzyme (O). (D) The 100-fold dilution assay for PDGFRβwith TAK-593 (b), Sorafenib (2), or Sunitinib
(0), without any inhibitor as a control (9), and without inhibitor or enzyme (O). These are representative plots from three independent
experiments. Data represent the mean( SD (n= 4).

Table 5: Kinetic Constants for VEGFR2 and PDGFRβ from Enzyme-Inhibitor Complex Dilution Assays

VEGFR2 PDGFRβ

method koff (s
-1)a t1/2 (min)b koff (s

-1)a t1/2 (min)b

TAK-593 activity based 2.5� 10-6 (1.2� 10-6) 5100 (1900) 4.5 � 10-5 (7.3 � 10-6) 260 (40)

ligand displacement 2.9� 10-6 (3.3� 10-8) 3900 (44) 2.4 � 10-5 (6.3 � 10-6) 500 (130)

Sorafenib activity based 3.3� 10-5 (8.8� 10-6) 370 (120) 1.3 � 10-5 (2.0 � 10-6) 870 (140)

ligand displacement 4.1� 10-5 (3.4� 10-6) 280 (24) NDc NDc

Sunitinib activity based >2.3� 10-3 d <5 >2.3 � 10-3 d <5

ligand displacement 3.9� 10-3 (1.6� 10-3) 3 (1) 1.4 � 10-3 (1.2 � 10-4) 8 (1)

aEstimated koff values and SD in parentheses. bValues calculatedwith eq 7 using koff and SD in parentheses. cBecause Sorafenib dissociated fromPDGFRβ
very slowly, we were not able to obtain koff or t1/2.

dValues calculated with eq 7 using t1/2 of less than 5 min. These results are derived from three independent
experiments.
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With respect to VEGFR2, comparing the kinetic constants
calculated from activity-based preincubation assays and the con-
stants obtained from ligand displacement-based assays, the Ki*
values (the true affinity of the inhibitor) were not in good agree-
ment. In fact, there was about a 23-fold difference between the
activity-based and ligand displacement-basedKi* values in the case
of TAK-593 and about a 5-fold difference in the case of Sorafenib.
This discrepancy may be mainly related to the difference of the
on-rate (the slope obtained by linear regression analysis of kobs at
the low concentration of inhibitor) in eachmethod. According to
activity-based analysis, the on-rate of TAK-593 was determined
to be about 1.0� 106 M-1 s-1, as the slope obtained with eq 5
(Table 3). On the other hand, the on-rate was determined to be
9.9� 104 M-1 s-1 by binding-based analysis (Table 3) and was
about a 10-fold difference of these on-rates forTAK-593. Similarly,
the on-rate of Sorafenib was determined to be about 3.5 �
104 M-1 s-1 by activity-based analysis, and the on-rate ob-
tained with ligand displacement-based analysis was about 4.6�
103M-1 s-1. There was about a 7.5-fold difference of the on-rates
for Sorafenib.

In the case of PDGFRβ, there was about a 9-fold difference
between the activity-based and ligand displacement-based Ki*
values for TAK-593. The on-rate of TAK-593 was determined to
be about 1.6� 104 M-1 s-1 by activity-based analysis and was
about 5.5� 103 M-1 s-1 by ligand displacement-based analysis
(Table 4), so there was about a 2.9-fold difference of these on-rates
for TAK-593. As the discrepancy of the on-rates for the inhibitor
was smaller, each Ki* value seemed to be in better agreement.

Several reasons can be considered for the discrepancy of
the on-rates obtained by each analysis. First, we did not consider
the kinetic constant of the fluorescent tracer, so we could not
determine all of the kinetic constants of the inhibitors in the
ligand displacement assay. Second, the ligand displacement assay
used an Eu-labeled anti-His-tag antibody against the His tag on
the kinase protein. Interaction of the antibody with the kinase
might have altered the conformation of the enzyme, so that
the on-rate of the inhibitor was slower than the on-rate for the
free kinase enzyme. At present, we cannot define the reasons for
the discrepancy of the Ki* values and on-rates.

TAK-593 dissociated very slowly fromVEGFR2andPDGFRβ.
For VEGFR2, the dissociation half-life of TAK-593 was calcu-
lated to be 85 h in the activity-based dilution assay and 65 h in the
ligand displacement-based dilution assay. These half-life data of
both assays were in good agreement. When dissociation from
PDGFRβwas assessed by the ligand displacement-based dilution
assay, the dissociation rate constant of each inhibitor was a little
smaller than the rate constants obtained by the activity-based
dilution method, especially for Sorafenib. These discrepancies
may have been due to differences of the phosphorylation of
PDGFRβ in each reaction. As described above, some receptor
tyrosine kinases (including VEGFR2 and PDGFRβ) show
autophosphorylation when stimulated by ligands in intact cells
or during a recombinant enzyme reaction. Thus, both unphos-
phorylated and phosphorylated kinase are assessed by the
activity-based assay, and the ratio of each enzyme is constantly
shifting through the assay period. On the other hand, there is no
change in the phosphorylation state of kinases assayed by the
ligand displacement method, so if the affinity for the unpho-
sphorylated kinase is lower than that for the phosphorylated
kinase, discrepancies may appear. However, there is good overall
agreement between the dissociation rate constants from activity-
based dilution assays and those from ligand displacement-based

dilution assays. There are also limitations of eachmethod, such as
minimal dissociation or reactivation of the enzyme. In addition
to evaluating the slow onset to full inhibition by TAK-593 we
must be mindful to examine if the binding system strays into tight
binding conditions defined as invalidating the approximation
that free inhibitor concentration=total inhibitor concentration.
A hallmark of straying into inhibitor tight binding conditions is
the observation in an inhibitor dose-response curve of a greater
than unity Hill slope that increases in value as the concentration
of competitive substrate decreases. We did not observe such a
phenomenon, but to confirm our experiments remained under
relaxed binding, we conducted a numerical simulation of TAK-
593 binding toVEGFR2 using the parameters obtained from our
progress curve analysis described above. The numerical simula-
tion explicitly solves for free inhibitor concentration and is valid
under any arbitrary ratio of inhibitor to enzyme concentrations
as well as any ratio of enzyme concentration toKI. The simulated
outcome fit well to our experimental observations (Supporting
Information), further confirming that our analysis produced
reliable values.

Finally, to confirm reversible inhibition VEGFR2 by TAK-593,
LC/MS analysis was done. There was no evidence of chemical
binding-based irreversibility (data not shown), consistent with
the lack of a chemically reactive moiety in the structure of TAK-
593. Thus, we concluded that TAK-593 has a unique binding and
dissociation profile, with slow two-step binding inhibition of
VEGFR2 and PDGFRβ. In the case of VEGFR2, TAK-593 has
amuch longer residence time than Sunitinib and Sorefenib. From
the results of enzymatic activity-based and fluorescent-labeled
tracer displacement-based dilution assays, TAK-593 has a longer
residence time on PDGFRβ than Sunitinib, but the residence
time of TAK-593 is shorter than that of Sorafenib. Accordingly,
TAK-593 may have different kinase inhibitory properties from
Sorafenib in addition to a different kinase selectivity profiles.

As described above, slowdissociationmay contribute to higher
in vitro cellular activity, since a small dissociation rate constant
contributes to the affinity of the inhibitor at equilibrium and the
duration of inhibition once the inhibitor has bound to the
targeted protein. Thus, TAK-593 may inhibit the VEGFR and
PDGFR signaling pathways for longer than rapidly dissociating
inhibitors in cellular assays. Slow reversible inhibition may also
contribute to efficacy in vivo (24, 46), especially since a slow off-
rate is independent of the concentrations of inhibitor and the
target protein as well as other factors such as absorption,
distribution, and clearance. A long dissociation half-life may
also contribute to an enhanced duration of action on the target
enzyme, requiring lower doses of the drug in vivo. Lower doses
will reduce inhibition of off-target enzymes and unexpected side
effects. Thismay be an added advantage of TAK-593, in addition
to its high potency against target kinases and its high selectivity.

From our results, TAK-593 may be the ultimate physiological
inhibitor (47) for VEGFR2, and it is similar to the recent report
of Axitinib toward VEGFR2 catalytic domain with juxta-
membrane region (22). TAK-593 may well persistently inhibit
VEGFR2 until turnover of the enzyme occurs in target cells. In
conclusion, TAK-593 is a highly selective, potent, and ATP-
competitive VEGFR/PDGFR inhibitor with a two-step slow
binding mechanism. Moreover, TAK-593 has one of the longest
residence times of any VEGFR inhibitor yet reported. Based on
these findings, TAK-593 is a promising inhibitor for VEGFRs
and PDGFRs that might have a prominent and durable effect at
very low doses in vivo.
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SUPPORTING INFORMATION AVAILABLE

Amino acid sequences of VEGFR2 and PDGFRβ (Figure S1),
concentration-dependent inhibitory curves of TAK-593 for
VEGFR1, VEGFR2,VEGFR3, PDGFRR, PDGFRβ, and c-kit
(Figure S2), replot data from the activity-based preincubation
analysis of PDGFRβ at low inhibitor concentrations (Figure S3),
displacement of fluorescent tracer at low inhibitor concentrations
for VEGFR2 and PDGFRβ (Figures S4 and S5, respectively),
simulations of TAK-593-VEGFR2 association progress curves
by use of differential equations (Figures S6-S9), details of the
reaction conditions for each kinase (Table S1), and the results
obtained with KinaseProfiler (Millipore), a large kinase panel,
and 1 μM of TAK-593 (Table S2). This material is available free
of charge via the Internet at http://pubs.acs.org.
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