J. Biochem. 2010;147(4):601-609 doi:10.1093/jb/mvq015

THE JOURNAL OF
BIOCHEMISTRY

Function of activation loop tyrosine phosphorylation in the
mechanism of c-Kit auto-activation and its implication in

sunitinib resistance

Received February 1, 2010; accepted February 3, 2010, published online February 10, 2010

Jonathan P. DiNitto"*,

Gayatri D. Deshmukh'f, Yan Zhang’,
Suzanne L. Jacques', Rocco Coli',
Joseph W. Worrall', Wade Diehl?,
Jessie M. English’* and Joe C. Wu'-*

'Pfizer Research Technology Center, 620 Memorial Drive,
Cambridge, MA 02139 and 2Pfizer Structural and Computational
Biology, 10770 Science Center Drive San Diego CA 92121, USA

*Jonathan P. DiNitto, Pfizer Research Technology Center, 620
Memorial Drive, Cambridge, MA 02139, USA,

Tel: +1 617 551 3147, Fax: +1 617 551 3178,

email: jdinitto@msn.com

*Joe C. Wu. Pfizer Research Technology Center, 620 Memorial
Drive, Cambridge, MA 02139, USA, Tel.: +1 617 551 3147,

Fax: +1 617 551 3178, email: joecwu@msn.com

"These authors contributed equally to this work.

tPresent address: Department of Oncology, Merck Research
Laboratories, 33 Avenue Louis Pasteur, Boston, MA 02115, USA

The activation of receptor tyrosine kinases (RTKSs) is
tightly regulated through a variety of mechanisms.
Kinetic studies show that activation of c-Kit RTK
occurs through an inter-molecular autophosphorylation.
Phosphopeptide mapping of c-Kit reveals that 14—22
phosphates are added to each mol of wild-type (WT)
c-Kit during the activation. Phosphorylation sites are
found on the JM, kinase insert (KID), c-terminal
domains and the activation loop (A-loop), but only the
sites on the JM domain contribute to the kinase activa-
tion. The A-loop tyrosine (Yg,3) is not phosphorylated
until very late in the activation (>90% completion), indi-
cating that the A-loop phosphorylation is not required
for c-Kit activation. A sunitinib-resistant mutant D816H
that accelerates auto-activation by 184-fold shows no
phosphorylation on the A-loop tyrosine after full activa-
tion. A loss-of-phosphorylation mutation Y823F remains
fully competent in auto-activation. Similar to WT and
D816H, the unactivated Y823F mutant binds sunitinib
and imatinib with high affinity (Kp=35.9nM). But
unlike the WT and D816H where the activated enzymes
lose the ability to bind the two drugs, activated Y823F
binds the two inhibitors effectively. These observations
suggest that the A-loop of activated Y823F remains flex-
ible and can readily adopt unactivated conformations to
accommodate DFG-out binders.

Keywords: A-loop/autophosphorylation/tyrosine
kinase/c-Kit/sunitinib/imatinib.

Abbreviations: RTK, receptor tyrosine kinase; SCF,
stem cell factor; JM, Juxtamembrane; KID, kinase
insert domain.

Receptor tyrosine kinases (RTK) play a key role in a
host of cellular processes including differentiation and
cell growth. The kinase c-Kit is a class III RTK
consisting of five IgG-like extracellular domains, a
transmembrane domain followed by a cytoplasmic
kinase domain. This class also includes the Platelet
Derived Growth Factor (PDGF), fms-related tyrosine
kinase 3 (FLT3) and the Colony Stimulating Factor
(CSF-1) receptors (/—3). Activation of c-Kit occurs
upon binding Stem Cell Factor (SCF) to the extracel-
lular domain which leads to autophosphorylation of
the cytoplasmic kinase domain and activation of
downstream-signalling molecules (4—6).

Despite the wealth of information on the effectors
and downstream-signalling events that occur upon
stimulation of cells with SCF, the molecular mecha-
nism of activation of c-Kit remains not fully eluci-
dated. There are multiple phosphor-acceptor sites in
the kinase domain, including Yg,3 on the activation
loop, known to be phosphorylated on c-Kit either
through autophosphorylation or by other kinases in
trans (1, 7, 8). Activation loop tyrosine autophosphor-
ylation is generally thought to regulate kinase activa-
tion of RTKs (9, 10). However, A-loop tyrosine
phosphorylation may play very different roles in
regulating kinase activation, depending on the individ-
ual kinase. For example, EGFR activation loop
phosphorylation has no effect on the catalytic activity
of the kinase but rather provides a docking site for the
SH2 domain of STATS (11, 12). This is in contrast to
the Tie2 RTK in which the A-loop tyrosine is phos-
phorylated early in a sequential manner in autopho-
sphorylation reactions followed by Y;;1¢. This residue
is required for downstream interactions with SH2
domains (/3). The resulting active Tie2 has a 100-
fold increase in k¢, and a 460-fold increase in kc,/
K., compared to the unphosphorylated enzyme.

In the case of c-Kit, the specific role of the A-loop
tyrosine Yg»3 in the activation process is unknown.
Structural studies of c-Kit indicate that upon activa-
tion, a shift in the conformation of the Aspg;o-Pheg;-
Glyg» motif (DFG) at the N-terminus of the A-loop
occurs. In the active conformation, the A-loop extends
over the C terminus of the catalytic pocket and the
Pheg;; moves away from the ATP-binding region
(‘DFG-in’), thereby creating catalytically active con-
formation of the kinase. Although it is known that
the shift between active and inactive conformation
must be controlled by phosphorylation/dephosphory-
lation, the exact mechanism is not clear. Little is
known about the functional role of the A-loop tyrosine
plays, nor about the multiple phosphorylation sites in
the JM (Juxtamembrane) and KID (Kinase Insert)
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domains. In addition, the sequence of 14—22 phos-
phorylation events of ¢c-Kit leading to full activation
of kinase activity is poorly understood.

In H526 cells, Ygy3 is phosphorylated upon SCF
stimulation (/4). This may imply a possible functional
role of A-loop phosphorylation in ¢-Kit activation. On
the other hand, a crystal structure of active c-Kit
shows Ygp3 unphosphorylated (15), suggesting that
the phosphorylation of Yg,3 may not be required. In
another crystal structure where ¢-Kit assumes an enzy-
matically unactivated conformation, Yg,3 is positioned
in the kinase active site and hydrogen bonded to the
catalytic base (ID792) thus blocking access to the cata-
lytic centre and maintaining the enzyme in the inhib-
ited state (/6). Hence phosphorylation of c-Kit Yg3
could function to disengage the A-loop from the inhib-
itory state rather than to activate the enzyme. In this
report, several mutants are generated to investigate the
roles phosphorylated and unphosphorylated Yg,3 play
in shifting the conformational equilibrium between the
activated and unactivated state.

Material and Methods

Expression and purification of c-Kit wild-type (WT)
and mutants

c-Kit constructs were expressed and purified as pre-
viously described (/5). Briefly, the construct encoding
an N-terminal 6x HIS tag+ r3c protease site + c-Kit
residues 544—976 was cloned into baculovirus vector
pVL1393. High titre stock was made and expressed in
Sf9 cells at multiplicity of infection of 1 for 48 h. Cells
were harvested and frozen —80°C. The pellet was lysed
in 25mM Tris pH 7.4, 250 mM NacCl, 0.25mM TCEP,
20 mM imidazole and bound to Ni—NTA column. The
protein was step eluted using same buffer with 250 mM
imidazole. Peak fractions were dialysed overnight at
4°C. For the WT protein, the HIS tag was cleaved
with r3C protease. Protein was reloaded on Ni—NTA
to remove cleaved HIS tag. Flow through was col-
lected from column and concentrated. Samples were
run on Superdex-200 column equilibrated with
25mM Tris pH 7.4, 250mM NaCl, 0.5mM TCEP
and I mM EDTA. Peak fractions were pooled, concen-
trated and flash frozen.

c-Kit activation and phosphopeptide mapping

The kinase domain construct of WT (1.0 uM),
D816H (0.7uM) or Y823F (1.0uM) c-Kit (amino
acids 544—976) was activated by the addition of ATP
to 4mM in buffer consisting of S0mM Tris pH 7.6,
10mM MgCl,, 3uM NaszVO,, 1 mM EGTA. Samples
were incubated at room temperature for WT and
Y823F or on ice for D816H. Aliquots were then
removed at various time points and the activation reac-
tion was quenched by addition of EDTA to 12mM.
Trypsin and chymotrypsin digestion of ¢-Kit was car-
ried out in 50 mM NH4HCO; buffer as described (17)
with slight modifications. Samples were denatured by
incubation at 95°C for Smin. Followed by reduction
with DTT (4.5mM) at 56°C for 20 min. Denatured
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samples were then alkylated with iodoacetamide
(10mM) for 15min. Trypsin, chymotrypsin and lys-C
digestion were then performed by adding 1: 10 enzyme
weight/weight ratio protease and incubated overnight
at 37°C for trypsin and lys-C and room temperature for
chymotrypsin. LC—MS—MS analysis was performed
on a Thermo-fisher LTQ mass spectrometer coupled
with an Eksigent 2D nano-LC with a nano-electro-
spray source from New Objective™ (MA, USA).
A Picofrit ProteoPep2 column (10cm) was used.
The MS—MS data were collected in positive mode
using data-dependent zoom scan. Phosphorylation
site search was performed using SpectrumMill and
Mascot software.

Direct binding of sunitinib to c-Kit mutants

Direct sunitinib binding to unactivated mutants
Y823A, Y823D and Y823F was detected by measuring
intrinsic Trp fluorescence quenching that occurs upon
drug binding to c¢-Kit as described in (/8).

Determination of auto-activation rate constant k.
Activation of c-Kit at saturating ATP concentration
was monitored using ATP-regenerating system com-
posed of 4mM ATP, 4mM PEP, 0.5mM NADH,
2.5mg/ml poly Glu-Tyr, 25U/ml PK and 31 U/ml
LDH, in Buffer A (50mM HEPES, pH 7.5, 10mM
MgCl,, ImM EGTA, 3uM Na3;VO,, 0.01% Brij-395).
For a bimolecular auto-activation reaction coupled
with a kinase activity assay performed at saturated
substrate concentration, the integrated rate equation
relating the change in ADP concentration to the
auto-activation rate constant (k) is:

A[ADP], = [c — Kit, ]y ® kcat ® t — (Kcat/Kact)

1

x In(fc — Kit,,]y @ kact ® 1+1) M

Data from auto-activation reaction progress curves

were fit the above equation to determine the k,. and
keat as described in (/8).

IC5o determinations

For ICsy determinations of sunitinib and imatinib
against pre-activated c-Kit, 10 ul of 400nM pre-acti-
vated c-Kit was incubated with 10 pl of 0—90 pM suni-
tinib or imatinib at 20°C for 30 min. This was followed
by addition of 80 pul of the ATP-regenerating system as
described above with the exception that 0.25mg/ml
poly Glu-Tyr substrate was used. Kinase activity was
then monitored by following the linear decrease of
Az4o. In order to measure ICsq for the inhibition
of c-Kit auto-activation, 10 pul of 400 nM unactivated
c-Kit kinase was pre-incubated with 10 pl of 0—90 uM
sunitinib or imatinib at 20°C for 30 min, followed by
addition of 10pl of 12mM ATP to initiate the c-Kit
auto-phosphorylation. The autophosphorylation/acti-
vation was allowed to continue for 1h at 20°C.
Reaction wells were sealed to avoid evaporation.
Progress of the auto-activation reaction was followed
by determining the resultant active c-Kit activity by the
addition of 70 ul of ATP-regenerating coupled assay

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

mixture. Eleven-point dose response curves with inhib-
itor concentration ranging from 0.3 nM to 30 uM were
used to determine ICs.

Steady-state determination of K,,,, V ,,ax

Kinetics experiments to determine V., and K, for
ATP were preformed using pre-activated c-Kit pre-
pared by incubating 10-uM unactivated enzyme with
4mM ATP in Buffer A for 3h at room temperature.
Free ADP/ATP was removed prior to performing
experiments by running samples through two sequen-
tial Sephadex G-50 columns (Sigma) bed volume 3 ml.
The activated enzyme was then stored at —80°C
for future uses. c-Kit kinase activity was determined
using an ATP-regenerating system as described above.
The steady-state rate of poly Glu-Tyr phosphorylation
was calculated from the observed linear decrease of
Ajzy40 due to the coupled oxidation of NADH, using
6,220 as the molar absorbance of NADH. In the
absence of phosphor-acceptor poly Glu-Tyr, NADH
depletion was negligible. To assure that our derived
Vmax parameters reflected concentrations of active
enzyme, active enzyme concentration was determined
by active site titration as described (79, 20).

Measurement of IC50 as a function of activation time
WT c-Kit (0.5 uM) in buffer consisting of S0 mM Tris
pH 7.6, 10mM MgCl,, 3uM Nas;VO,, 1 mM EGTA
was auto-activated by the addition of 4mM ATP.
Activation reaction was stopped by the addition of
EDTA to 12mM. The ICs, for sunitinib was then mea-
sured in Buffer A as described above using 10nM
c-Kit.

Results

Auto-activation and phosphopeptide mapping
In order to study the sequence of phosphorylation
events that lead up to c-Kit activation, phosphoryla-
tion sites and kinase activity were monitored closely
during an activation reaction. As shown in Fig. 1,
under the indicated experimental conditions, maximal
kinase activity of WT c-Kit was obtained within 3 h.
The phosphorylation of c-Kit in this auto-activation
reaction yielded multiple phosphorylated species with
0—1 phosphate per c-Kit molecule before the reaction,
and 14-22 phosphates on each c-Kit after full activa-
tion (Fig. 1A and B). Throughout the course of acti-
vation, aliquots of the reaction mixture were collected
and analysed in phosphopeptide mapping experiments
as well as in a kinase activity assay. The results are
summarized in Table I. Mass spectra of intact c-Kit
prior to trypsin and chymotrypsin digestion show
14—22 phosphates incorporated after full activation,
however phosphopeptide mapping experiments
revealed 9, 8 and 11 phosphates in the fully activated
kinase for WT, D816H and Y823F mutants, respec-
tively. This is most likely due to the presence of phos-
phopeptide species not detectable as a result of poor
ionization efficiencies and/or low abundance of
phosphopeptide resulting from the protease digestion.
In the course of WT c-Kit auto-activation, phos-
phorylation first takes place in the JM domain
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Fig. 1 LC—MS spectra of intact WT c-Kit. (A) Mass spectra of
unactivated c-Kit WT prior to incubation ATP. (B) Mass spectra for
fully phosphorylated activated form following incubation with 4 mM
ATP for 3h at 10-uM c-Kit concentration. (C) Specific activity

of ¢-Kit vs time for samples analyzed by Mass spectrometry.
Auto-activation reaction was carried out at 1-uM c-Kit with 4 mM
ATP for a time course of 3.5h.

on tyrosine residues Y547, Y553, Y568 and Y570.
Phosphorylation at these positions accounts for 85%
of what’s needed for full activation. The activation
loop tyrosine Ygo3 is subsequently phosphorylated,
but does not further contribute to activation. In addi-
tion to these two phosphorylation events, multiple
residues in the KID are phosphorylated as well, includ-
ing S729 and/or Y730, Y703 and Y721. Assignment of
pS729 and pY 730 was not possible for WT and D816H
c-Kit since there was insufficient MS—MS fragmenta-
tion data for this peptide in either trypsin or
chymotrypsin digestions. It is not clear whether phos-
phorylation in KID contributes to kinase activation as
it takes place concurrently with the phosphorylation in
JM domain. pY703 and pY721 in KID have been
postulated to be responsible for relaying signals to
downstream effector proteins such as Grb2 (2/) and
Csk homologous kinase (22) in the process of signal
transduction.
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Table 1. Phosphopeptide mapping of WT, D816H and Y823F c-Kit.

specific activity

Time (min) % activity (umol/min/mg) Phosphorylation sites
Wild Type

0 0 0.006 £ 0.004

60 20 0.058 £ 0.010 Y547, Y553,Y703, Y721

90 64 0.172 £+ 0.008 Y547, Y553, Y568, Y703, Y721, (S729/Y730), S959

120 90 0.239 £ 0.007 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), S959

150 99 0.261 + 0.024 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), Y823, S959

180 100 0.265 £ 0.013 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), Y823, S959

210 100 0.264 £ 0.007 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730).Y823, S959
D816H

0 0 0.007 £ 0.012

1 20 0.041 £ 0.014 Y568, Y703, Y721, S959

2 31 0.060 + 0.023 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), S959

4 50 0.090 + 0.015 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), S959

6 90 0.156 £ 0.021 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), S959

8 93 0.161 £ 0.036 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), S959

10 100 0.172 £ 0.024 Y547, Y553, Y568, Y570, Y703, Y721, (S729/Y730), S959
Y823F

0 0 0.008 + 0.005 5943

4 6 0.020 + 0.003 Y703, Y721, S943

10 7 0.021 £ 0.008 Y547, Y568, Y703, Y721, S729, S943

20 22 0.051 £ 0.031 Y547, Y553, Y568, Y703, Y721, S729,Y747, S943

40 60 0.125 + 0.006 Y547, Y553, Y568, Y570, Y703, Y721, S729, Y747, S943

60 96 0.194 + 0.041 Y547, Y553, Y568, Y570, Y703, Y721, S729, Y747, S943

120 100 0.203 + 0.002 Y547, Y553, Y568, Y570, Y703, Y721, S729, Y747, Y900, S937, S943

JM domain are depicted in italic; KID domain are depicted by underline; activation loop are depicted by bold; C-terminal domain are in the
normal font; unable to distinguish between either of these two phosphorylation sites are included in the parenthesis.

The same experiment was performed for a sunitinib
resistant mutant of ¢c-Kit, D816H. Recent studies indi-
cated that the A-loop mutant D816H is activated
184-fold faster than WT c-Kit and the increased rate
of auto-activation leads to resistance to sunitinib in
patients with Gastrointestinal Stromal Tumors (/8).
As shown in Table I, phosphorylation of D816H fol-
lows exactly the same path as WT c-Kit albeit on a
much shorter timescale. Under similar conditions
(0.7uM c-Kit with 4mM ATP) full activation was
observed after only 6 min at 4°C, compared to 3 h for
the WT enzyme at 25°C. The second order rate con-
stant for auto-activation (k,) was reported to be 0.25
and 46mM~'s™! for WT and D816H, respectively (18).
After full activity was reached, the same phosphoryla-
tion sites are found in D816H and WT, with the
exception of Ygo3 in D816H. This residue was phos-
phorylated only after extended incubation with 4 mM
ATP. Thus, phosphorylation of Ygy3 is not required
for the activation of D816H, and is likely not needed
for WT c-Kit as well.

Activation loop phosphorylation is a common
mechanism of controlling kinase activation. Ygy3 is
the only potential tyrosine phosphorylation site on
the A-loop of c-Kit. If a phosphorylated Yg,3 is not
required for activation, what role does the A-loop play
in c-Kit, and what is the significance of Yg,3? To
address these questions, Y823F, Y823A and Y823D
were expressed and purified for further studies. While
no detectable kinase activity was observed for Y823A
and Y823D after extended activation with ATP,
Y823F mutant can be promptly activated to a similar
specific activity as WT and D816H. The binding
studies in Fig. 2 indicate Y823D and YS823F bind
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sunitinib with similar affinity as WT (/8). This result
suggests that the conformation of these variants
remain unaffected, particularly in the area responsible
for binding sunitinib. However the mutation Y823A
most likely leads to misfolded enzyme as it is unable
to bind sunitinib. Phosphopeptide-mapping experi-
ments indicate that phosphorylation of Y823F follows
the same path as WT and D816H, with virtually all
identical residues phosphorylated (Table I). These
results suggest that Y823F substitution does not alter
the sequence of phosphorylation on other residues that
lead to activation of c-Kit. However, given that Y823D
is enzymatically impaired and cannot undergo
auto-activation, and that Y823F is activated at a
much accelerated rate compared to WT c-Kit, it
seems that an appropriate side chain at this position
such as Tyr or Phe is necessary for c¢-Kit activity and
that substitution of Y823 with a negatively charged
residue does not mimic phosphorylated Y823 in the
context studied here.

As shown in Table I, after a 1 h activation reaction
for Y823F, full activation is achieved and no increase
in kinase activity is seen with extended incubation with
ATP. However, phosphorylation at the KID (Y747)
and the C-terminal domain (Y900, S937 and S943)
continues. This may suggest that the phosphorylation
of the KID in Y823F mutant contributes very little to
the kinase activation. Despite having the same final
phosphorylated state and similar enzymatic activity
as WT enzyme, mutant Y823F and the sunitinib resis-
tant variant D816H auto-activate much faster than
WT c-Kit.

Quantitative  determination of the rate of
auto-activation and catalytic efficiency of activated
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c-Kit was performed in an integrated assay system that
couples active c-Kit production with a c-Kit catalysed
poly(Glu-Tyr) phosphorylation. Fig. 3 shows represen-
tative progression curves of Y823F and WT c¢-Kit in
this assay wherein the activation of c-Kit leads to
continuous increase in kinase activity. This results in
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Fig. 2 Binding of sunitinib to unactivated Y823F, Y823D and Y823A.
The change in intrinsic Trp fluorescence that occurs upon the
interaction with sunitinib was used to monitor the binding of suni-
tinib to unactivated mutant forms of c-Kit. Samples of unactivated
enzyme (100 nM) in kinase activity assay buffer were titrated with
sunitinib. The decrease in fluorescence that occurs upon sunitinib
binding was monitored using PTI fluorimeter with excitation and
emission wavelengths of 293 and 340 nm respectively. Binding curves
were fit to the Morrison equation as described in (/8) yielding Kp
values of 5.9 and 4.8 nM for Y823F (Panel A) and Y823D (Panel B)
mutants. These values are within 3- to 4-fold those reported for the
WT kinase (/8). No detectable change in fluorescence is observed
with Y823A (Panel C) variant by titration of up to 200nM of the
drug.

Function of c-Kit activation loop phosphorylation

exponential accumulation of kinase reaction product
ADP. Experiments performed at several concentra-
tions of WT and YS823F variant provide data to fit
to equation 1 in the ‘Materials and Methods’ section
and afford determination of the activation and
catalytic rate constants, k., and k.., respectively.
Accordingly, a k, of 0.7mM's™! and a ke of
2.8s7! for Y823F were obtained compared to a ku
of 0.04mM~'s™" and a ke of 3.6s7' for WT
(Table II). These results indicate that activated
Y823F has a similar kinase activity as WT, but the
auto-activation proceeds at a 18-fold faster rate
than WT.

Inhibitor sensitivity of WT and mutants

The clinically observed mutation D816H confers resis-
tance to sunitinib. Enzymological and structural stu-
dies demonstrate that the drug resistance is a result of
the greatly increased rate of auto-activation of the
mutant that leads to a rapid loss of molecules in
the preferred unactivated conformation for binding
sunitinib. Thus, sunitinib may be used to probe the
equilibrium dynamic between activated and unacti-
vated conformations of Y823F in phosphorylated or
unphosphorylated states. As demonstrated in Fig. 4A,
sunitinib prefers unactivated c-Kit conformation and is
a more potent inhibitor of unactivated WT c-Kit than
fully activated, phosphorylated enzyme. ICs, values
were determined to be >20 uM and 68 nM for activated
and unactivated c-Kit, respectively. The same experi-
ment was performed using Y823F shown in Fig. 4B.
Unlike WT c-Kit, fully activated Y823F is much more
sensitive to sunitinib with an I1Csy=200nM, whereas
the unactivated form of the enzyme remains similar to
WT c-Kit, giving an ICsqg=27 nM. Thus, the affinity
for sunitinib binding to activated and unactivated

0.40 = ' " c-Kityg + c-Kityg ]
0.35F ATPl Kact i
3 0.30 F 2¢-Kitget 4
S o5l Y823F Koat ]
g ATP+polyE/Y ~ ADP-+polyE/Ypi |
T 020 i
£
o
g o015 .
:f 0.10 | wild type E
0.05 40 nM
0.00 1 ! e

0 100 200 300 400
Activation Progression (min)

Fig. 3 Auto-activation progress curves for WT and Y823F c-Kit.
Unactivated c-Kit (WT and Y823F) was incubated with ATP in the
presence of 10 mM MgCl, to initiate auto-activation reaction. The
readout of activated enzyme is from the phosphorylation of poly
Glu-Tyr in an ATP regeneration system as described in the
‘Materials and Methods’ section. Fitting of the curves to Equation
(1) gives auto-activation rates (koe) of 0.04 and 0.7mM~'s™" for WT
and Y823F mutants respectively. (inset) Reaction scheme for the
activation of c-Kit by auto-phosphorylation. Once activated, c-Kit,,
catalyses the phosphorylation of poly Glu-Tyr substrate in NADH
coupled reaction system. Once sample is completely activated, a
linear reaction progress curve is observed with poly Glu-Tyr as a
substrate.
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Table II. Auto-activation rates, kinase activity and 1Cs, values for
WT, Y823F and AJMAKID-c-Kit.

WT Y823F AJMAKID

Auto-activation

kaee MM~ 's7h 0.04 + 0.002 0.7+ 0.1 >150

kear (571 3.6+0.2 28 +1.2 —
Steady-State Kinase Activity

Ko (107°M) 115.0 + 46.1 273.5 £ 160 91.5 £ 26.1

Vinax (1078Ms™) 2,46 + 0.54 1.86 £0.12  3.50 + 1.55
1Csy activated (uM)

sunitinib 20.5+0.7 0.200 £ 0.090 >30
imatinib 20+ 1.4 0.051 £ 0.022  >30
1Cso unactivated (uM)
sunitinib 0.068 £ 0.020 0.027 £ 0.018  0.033 £ 0.025
imatinib 0.046 £ 0.005 0.093 + 0.025 0.010 £ 0.001

Y823F only differs by 7-fold, in comparison to
>300-fold for WT c-Kit. Similar results were obtained
using imatinib as the probe (Table II). Imatinib is
known to prefer unactivated conformation of the
kinase. As such, Y823F seems to be more accommo-
dating than the WT enzyme in shifting the equilibrium
dynamic between activated and unactivated conforma-
tions, such that when sunitinib is present, fully acti-
vated Y823F can quickly adopt the unactivated
conformation preferred by sunitinib binding. The
increased dynamic in conformation does not affect
ATP binding or kinase catalysis. As shown in
Fig. 4C, ATP K., and V. of Y823F remain very
similar to that of WT c-Kit.

Previous biochemical and structural studies show
that the JM domain plays a critical role in the activa-
tion of c-Kit (13, 16, 18, 23). Phosphopeptide mapping
data presented in this study indicate that the initial
phosphorylation occurs on four tyrosine residues on
the JM domain and that the specific activity of the
enzyme can be largely attributed to phosphorylation
of these residues. Thus, the JM domain seems to func-
tion as a built-in inhibitor of the enzyme, and
phosphorylation of the domain moves it away from
the auto-inhibitory position. Is releasing the JM
domain from the auto-inhibitory position sufficient
to activate c-Kit? As shown in Table II, a c-Kit con-
struct with the JM and KID domains deleted is indeed
activated almost instantly upon exposing to ATP
(kaer>150mM~'s™!), consistent with the previously
observed instantaneous activation of an oncogenic
JM mutant V560D (I8). The AJMAKID-c-Kit was
also tested against sunitinib and imatinib. Like
DS816H, the activated AJMAKID-c-Kit is insensitive
to the two DFG-out inhibitors (ICs50>30uM,
Table II). But unlike D816H where the drug sensitivity
quickly diminishes during auto-activation, unactivated
AJMAKID-c-Kit remains sensitive to the drugs
(Table II). This sensitivity is maintained throughout
the 16-h course of the auto-activation reaction giving
IC50=540 and 5nM for sunitinib and imatinib after
16h, respectively (/8). Therefore, removal of JM
domain does not significantly affect the A-loop such
that AIMAKID-c-Kit maintains its ability to bind the

606

A 125 o ' T
2 100 .
>
©
< 75F 1
°
é s0r -8 WT Unactivated 1
g o5 [ —@- WT Activated
<)
&) O_ 1 1 1 1 1 ]
1010 10° 10® 107 10¢ 10° 10*
[sunitinib] (M)
B 125 T T T T T
> -B- Y823FUnactivated
2 100 F -8 Y823FActivated
(&)
<
5 75 .
5 sl ]
8 50
c
g 251 ]
[0
o oF ]
1019 10° 108 107 10® 105 10%
[sunitinib] (M)
C oo T T T
= [ ]
E L 4
3 75 b
£ L ]
5 sof ]
é . = wr ]
Z 25 —— Y823F ]
'(? 4
0.0 B B B S
o ) o & o
O N4 P N O

[ATP] mM

Fig. 4 Kinetic parameters and ICs, values for c-Kit WT and Y823F.
1Cs0 curves for WT (A) and Y823F (B) c-Kit. For activated form,
samples of c-Kit were pre-incubated with saturating ATP prior to
ICsg assay as described in the ‘Materials and Methods’ section.

(C) Kinetics for WT and A-loop mutant Y823F. ATP serially diluted
2-fold from 1 mM. Twelve point saturation curves fit to
Michaelis—Menton equation yielding K, and V.« values of

115.0 uM and 2.46 x 10 M s~ for WT and 273.5 uM and

1.86 x 108 M s™! for Y823F. Vmax values derived from fitting were
determined using the active enzyme concentration measured by
titration with tight binding inhibitor sunitinib as described in the
Material and Methods section.

two DFG-out inhibitors in an unactivated conforma-
tion. These results suggest that the activation process
requires at least two transitional domain movements:
Release of JM domain from its auto-inhibitory posi-
tion followed by the A-loop transitioning to the
DGF-in state. Removal of the JM domain alone
does not automatically convert the kinase from
the unactivated to activated state.

Taken together, results from the phosphopeptide
mapping and ICs, determinations suggest that for
WT c-Kit, the sensitivity to sunitinib should be main-
tained if the A-loop is unphosphorylated. Y823 phos-
phorylation occurs late in the auto-activation, as such
it should be possible to capture the kinase in a state
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Fig. 5 ICsq as a function of auto-activation time for WT c-Kit. WT
c-Kit (0.5 uM) was activated by addition of 4mM ATP in the pres-
ence of 10mM MgCl,. Reaction was then quenched by the addition
of 12mM EDTA. Samples were then diluted to 10 nM in buffer A
and the ICsq for sunitinib was measured. Activity of ¢-Kit reaches a
maximum at 300 min while the course of ICs, increases at a slower
rate, reflecting the slow phosphorylation of Y823 in the
auto-activation process. Under these conditions, intermediate
phosphorylated forms of c¢-Kit in which Y823 is unphosphorylated
are the predominant species from 0—360 min auto-activation time.

that is active yet still remains sensitive to sunitinib.
To examine this, we measured the ICs, as a function
of auto-activation time. As shown in Fig. 5, the overlay
of ICsq and the relative activity show the curves are not
superimposable. Under the conditions tested, at
300 min, the kinase has reached full activity yet the
ICso is 37nM. Only after extended activation time of
480 min does the ICsy reach the upper limit of detec-
tion of 30 uM. Thus, simply reaching full activity by
autophosphorylation of tyrosine residues in the JM
domain does not correlate with insenstivity to suniti-
nib, but rather A-loop phosphorylation is the major
determinant that locks the conformation of c-Kit
into a state that is not compatible with high affinity
binding of sunitinib.

Discussion

It has been observed that there are multiple phosphor-
ylation sites in the JM, KID and C-terminal domains
c-Kit (7, 21, 22, 24—27). In addition to those responsi-
ble for kinase activation in the JM domain, several
phosphorylated residues have been implicated in the
recruitment of downstream effector proteins in both
the JM and KID domains, e.g. pY 568 for the adaptor
protein Lnk (28) and pY703/pY721 for Grb2 and PI
3-kinase respectively (2)- Deletion of the KID results in
decreased in SCF-stimulated PI-3 kinase activity in
T18 and COS-1 cells (26, 29). Data presented here indi-
cate that the activation process of ¢-Kit occurs sequen-
tially with respect to the JM and activation loop
tyrosine phosphorylation. In addition to these sites,
the autophosphorylation reaction leads to the presence
of phospho-serine sites (S729, S937, S943 and S959),
these most likely are due to non-specific activities as no
other reports indicate c-Kit is a dual specificity kinase
in cells. In addition, the data reported here have been
determined utilizing the soluble cytoplasmic kinase

Function of c-Kit activation loop phosphorylation

domain which may alleviate constraints on kinase
specificity imposed by membrane proximal regions in
the context of the full length receptor. The earliest
detected phosphorylation sites in all three variants
are located on the KID domain (Y703 and Y721) as
shown in Table I. Phosphorylation of the KID domain
is unlikely to be required for activation since KID
truncated c-Kit retains full kinase activity (data not
shown). Residues on the KID are essential for binding
downstream effectors [reviewed in (/, 2)], thus initial
phosphorylation of the KID would facilitate the rapid
transduction of signals in response to SCF stimulation.

Phosphopeptide mapping results presented here are
in contrast to the autophosphorylation of fibroblast
growth factor receptor 1 (FGFRI1) receptor kinase
domain, in which initial autophosphorylation of a
A-loop tyrosine (Y¢s3) leads to 50- to 100-fold increase
in catalytic activity followed by phosphorylation of
residues involved in binding signalling molecules
(30, 31). Further 10-fold activation is achieved by
phosphorylation of a second tyrosine in the A-loop
(Yes4) in the last step of auto-activation. These
differences reflect diverse mechanisms of controlling
activation of the cytoplasmic kinase domain. c-Kit is
maintained in the unactivated state primarily through
auto-inhibition by the JM domain blocking the cata-
lytic site in addition to the A-loop tyrosine interacting
with the catalytic aspartate (D79,) whereas FGFR is
auto-inhibited by a conserved proline (Pge;) and
residues N-terminal which are situated to obstruct
the protein substrates-binding site [reviewed in (32)].
Full activation of FGFRI1 kinase domain requires
phosphorylation of two adjacent A-loop tyrosine
residues, Ygs3 and Ygss (33).

Both Y823F and D816H variants of c-Kit are
auto-activated much faster than WT. While the mech-
anism is not completely clear, it is possible that the two
substitutions result in a subtle conformational change
that doesn’t involve the sunitinib-binding site however
it renders unactivated c-Kit more susceptible to auto-
activation. After activation, although the two mutants
are almost indistinguishable from WT with respect to
their kinase activity, they respond very differently to
inhibitors that prefer a DFG-out conformation such
as sunitinib and imatinib. Active WT and D816H
lose their sensitivity to sunitinib completely
(IC50>20,000 nM), whereas Y823F remains very sen-
sitive to the drug (IC50=200nM). Such a difference
may reflect the flexibility of activated enzyme in adopt-
ing an unactivated conformation. In the activated
state, despite being phosphorylated on the same resi-
dues, Y823F and WT may be very different in their
conformational dynamic such that Y823F can readily
adopt the DFG-out conformation and bind sunitinib
or imatinib, whereas WT and D816H can not. Thus,
mutation of Ygy3 to F does not prevent the enzyme
from activation, but it leads to a more accommodating
c-Kit that remains sensitive to the drugs after activa-
tion. Accordingly, pYg»,; in WT is likely to be respon-
sible for stabilizing or ‘locking’ the A-loop at the active
position.

Is Yg»3 of any significance in the unactivated state of
c-Kit? Since mutant Y823F can be activated
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Fig. 6 Model for the activation of WT c-Kit kinase domain. Initial phosphorylation of tyrosine residues Y547, Y553, Y568, Y570 in the JIM
domain result in activation of the kinase. However, the activated kinase in this phosphorylation state lacking Y823 phosphorylation remains
sensitive to sunitinib as the A-loop remains flexible. A much slower phosphorylation on Y823 occurs and this leads to decreased flexibility and
insensitivity to DFG-out specific compounds sunitinib and imatinib. When Y823 is mutated to Phe, the last step cannot occur and the kinase
remains sensitive to sunitinib. Mutation of Y823 to Asp is not an effective mimic of the phosphorylated state as this kinase unactivatable.

successfully, it seems reasonable to expect the same
activation with a variety of mutations at this position.
Surprisingly, Y823D renders the enzyme unactivatable
although fully competent to bind sunitinib. This result
suggests that an appropriate side chain at this position
is necessary for unactivated c¢-Kit to maintain a con-
formation susceptible to auto-activation. In the phys-
iological context, Y823 phosphorylation may be
critical for stabilizing the activated state and prevent-
ing it from reverting back to the unactive form. As
such, pY823 may be an important determinant for
relaying downstream signalling events that require
the kinase to be ‘locked’ in the activated state. The
effects of the Y823F mutation on the c-Kit-signalling
pathway are the subject of further studies.

Taking into account the observations presented in
this study, we propose a model for the activation of
c-Kit shown in Fig. 6. In this model, there are two
critical determinants for maintaining the unactivated
state. First, the JM domain inhibits enzyme activity
in cis by blocking access to the catalytic site and
second, the activation loop is stabilized by the aro-
matic side chain of tyrosine or phenylalanine. These
two mechanisms maintain the enzyme in an
auto-inhibited or unactivated state. Upon activation,
the JM domain is rapidly phosphorylated on tyrosine
residues 547, 553, 568 and 570, thus releasing it from
its auto-inhibitory position between the N- and
C-terminal lobes. The resulting phosphorylated
kinase remains sensitive to the inhibitors sunitinib
and imatinib that bind to the DFG-out unactivated
conformation as the A-loop is unphosphorylated.
With longer activation time, phosphorylation of the
A-loop tyrosine 823 occurs, resulting in decreased
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flexibility of the activation loop which is then locked
into the active conformation. The ensemble of confor-
mational states is shifted in going from Yg»3 to pYgos
forms. Mutations in the activation loop may result in
either a gain (Y823F) or loss (D816H) of sensitivity to
inhibitors that prefer unactivated conformation such
as imatinib and sunitinib.
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