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The activity of the c-Kit receptor protein-tyrosine ki-
nase is tightly regulated in normal cells, whereas dereg-
ulated c-Kit kinase activity is implicated in the patho-
genesis of human cancers. The c-Kit juxtamembrane
region is known to have an autoinhibitory function;
however the precise mechanism by which c-Kit is main-
tained in an autoinhibited state is not known. We report
the 1.9-Å resolution crystal structure of native c-Kit ki-
nase in an autoinhibited conformation and compare it
with active c-Kit kinase. Autoinhibited c-Kit is stabilized
by the juxtamembrane domain, which inserts into the
kinase-active site and disrupts formation of the acti-
vated structure. A 1.6-Å crystal structure of c-Kit in com-
plex with STI-571 (Imatinib® or Gleevec®) demonstrates
that inhibitor binding disrupts this natural mechanism
for maintaining c-Kit in an autoinhibited state. To-
gether, these results provide a structural basis for un-
derstanding c-Kit kinase autoinhibition and will facili-
tate the structure-guided design of specific inhibitors
that target the activated and autoinhibited conforma-
tions of c-Kit kinase.

The stem cell factor receptor c-Kit is a receptor protein-
tyrosine kinase (RPTK)1 that initiates cell growth and prolif-
eration signal transduction cascades in response to stem cell
factor binding (1). c-Kit, named after its viral homolog v-Kit (2),
is a member of the Type III transmembrane RPTK subfamily,
which includes the colony-stimulating factor-1 receptor (3), also
known as the FMS receptor, the related Flt-3 receptor (4), and
the platelet-derived growth factor �- and �-receptors (5, 6), as
well as c-Kit (7). The Type III RPTK family is characterized by
five extracellular immunoglobulin (Ig) domains, a single trans-
membrane helix, an autoinhibitory juxtamembrane domain,
and a cytoplasmic kinase domain that is split by a kinase
insertion domain (KID) (see Fig. 1A) (6, 8).

The binding of a stem cell factor dimer to the extracellular Ig
domains of c-Kit causes two c-Kit RPTKs to dimerize and

permits the kinase domains to act in trans as a substrate and
enzyme for one another. The result of stem cell factor binding
is the phosphorylation of specific tyrosine residues located in
c-Kit juxtamembrane regions (9–12). Tyrosine residue 568 is
the primary site of in vivo autophosphorylation (see Fig. 1B).
Phosphorylation of the tyrosine initiates a cytoplasmic serine/
threonine phosphorylation cascade that promotes cell growth
and proliferation (12). Mutations that cause constitutive acti-
vation of c-Kit kinase activity in the absence of stem cell factor
binding are implicated in highly malignant human cancers,
including gastrointestinal stromal tumors (13, 14), germ cell
tumors (15), mast cell and myeloid leukemias (16), and in
mastocytosis (17). Moreover, activating c-Kit mutations that
occur in the kinase domain are resistant to many kinase inhib-
itors currently in use as chemotherapy treatments (18–21).

The kinase activity of c-Kit is tightly regulated throughout
its signaling cycle. Binding of the protein-tyrosine phosphatase
SHP-1 to the phosphorylated c-Kit juxtamembrane region re-
sults in dephosphorylation of the tyrosine residues and termi-
nation of the intracellular signal (22). The dual role of the
juxtamembrane region as an unphosphorylated autoinhibitory
domain and as a phosphorylated intracellular signal has made
it difficult to dissect the structural and mechanistic functions of
the juxtamembrane region in the signaling cascade. Specific
site-directed mutations introduced into the juxtamembrane do-
mains of c-Kit (23) and platelet-derived growth factor (24, 25)
indicate that several residues are necessary to maintain the
kinase in an autoinhibited state (see Fig. 1B). Based on amino
acid sequence analysis the Type III RPTK juxtamembrane
domains are proposed to adopt a conformation similar to WW
domains, which are implicated in regulating cellular processes
(26–28). Similarly, the c-Kit autoinhibitory juxtamembrane
region has been proposed to form a putative �-helix that exerts
negative control over uninduced receptor (23). Studies with a
synthetic peptide of the c-Kit juxtamembrane region suggest
that it folds as an autonomous domain and directly interacts
with the amino-terminal lobe of the kinase domain (29).

These models for the autoinhibition of Type III RPTKs are
derived from autoregulation mechanisms inferred from the
crystal structures of other protein-tyrosine kinases (reviewed
in Refs. 30 and 31). Autoinhibition in cis is seen in the crystal
structure of the autoinhibited form of the EphB2 receptor ty-
rosine kinase domain (32). This structure contains a truncated
juxtamembrane domain with phenylalanine substitution mu-
tations of signaling tyrosine residues similar to those in the
juxtamembrane regions of c-Kit and the Type III RPTKs. The
visible portion of the EphB2 juxtamembrane domain forms a
short �-helix that packs against the amino-terminal lobe of the
kinase and disrupts the interactions of the control, or C, helix

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

The atomic coordinates and structure factors (codes 1T45 and 1T46)
have been deposited in the Protein Data Bank, Research Collaboratory
for Structural Bioinformatics, Rutgers University, New Brunswick, NJ
(http://www.rcsb.org/).

§ To whom correspondence should be addressed. E-mail: clifford.
mol@syrrx.com.

1 The abbreviations used are: RPTK, receptor protein-tyrosine ki-
nase; KID, kinase insertion domain; MuSK, autoinhibited muscle-spe-
cific kinase; MES, 4-morpholineethanesulfonic acid; PTR, phosphoty-
rosine; SH, Src homolgy; RMS, root mean square.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 279, No. 30, Issue of July 23, pp. 31655–31663, 2004
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org 31655

 by guest on July 13, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


with residues that form an activated kinase ATP-binding site.
Similarly, the crystal structure of the autoinhibited muscle-
specific kinase MuSK reveals a small ordered segment of the
MuSK juxtamembrane region that forms a short �-helix, which
likely impedes the ability of the C-helix to contribute to pro-
ductive binding of ATP (33). An autoinhibitory structural role
for a juxtamembrane region tyrosine residue was also inferred
from the crystal structure of the insulin receptor in which
a similar disruption of the conformation of the C-helix was
observed (34).

Targeting these distinct inactive kinase conformations for a
rational drug design may allow for the design of tight binding
and specific compounds. STI-571, also known as Imatinib® or
Glivec®/Gleevec®, is one such drug compound that specifically
binds to the inactive conformation of the Abl kinase. Abl kinase
is directly implicated in the pathogenesis of chronic myeloge-
nous leukemia (35). Notably, STI-571 does not inhibit many
other kinases, but it does inhibit the two closely related Type
III RPTKs, platelet-derived growth factor and c-Kit (36). Re-
cently we reported (37) the 2.9-Å resolution crystal structure of
an activated c-Kit kinase domain-product complex bound in
trans with juxtamembrane phosphotyrosine residues and ADP
and Mg2�. For comparative analysis, we recapitulate that
structure here at an improved 2.65-Å resolution. We also pres-
ent the 1.9-Å resolution crystal structure of unphosphorylated

c-Kit kinase containing the entire autoinhibitory juxtamem-
brane region. The juxtamembrane domain inserts directly into
the cleft between the kinase amino- and carboxyl-terminal
lobes, disrupting the c-Kit control helix, and physically block-
ing the conserved kinase Asp-Phe-Gly (DFG) motif from attain-
ing a productive conformation. The kinase activation loop folds
back over the substrate-binding groove and interacts with the
kinase-active center as a pseudosubstrate. We also present a
1.6-Å resolution co-crystal structure of a c-Kit�STI-571 complex
that illustrates that portions of the inhibitor would clash with
regions of the juxtamembrane domain that maintain c-Kit in
the autoinhibited conformation. These results provide the de-
tailed molecular basis for understanding the mechanism of
c-Kit kinase autoinhibition and will facilitate the structure-
guided design of specific and potent inhibitors that target the
activated and autoinhibited conformations of c-Kit kinase.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The portion of the human c-Kit
gene that comprises the catalytic kinase domains and the entire intact
juxtamembrane domain (residues 544–935, GenBankTM accession
number NM_000222 (3)) with the KID residues 694–753 deleted was
cloned and expressed as described previously (37). Recombinant c-Kit
protein was expressed in Spodoptera frugiperda cells in 5L Wave Bio-
Reactors with ESF-921 protein-free media (Expression Systems), and
the cells were harvested after 2 days. The protein yield was 3.77

TABLE I
X-ray data collection and refinement statistics

Autoinhibited Activated STI-571

Data collection
Resolution (Å) 30.0–1.90 (1.97–1.90) 30.0–2.65 (2.74–2.65) 30.0–1.60 (1.66–1.60)
Observations 107,299 98,443 220,014
Unique reflections 26,260 21,243 48,006
Completeness (%) 98.3 (96.5) 99.3 (95.1) 98.4 (90.0)
I/�I 12.6 (3.1) 15.4 (2.0) 19.3 (2.6)
Rsym

a 0.058 (0.345) 0.046 (0.493) 0.028 (0.367)
Refinement

Resolution (Å) 20.0–1.90 10.0–2.65 20.0–1.60
Reflections used 24,835 19,687 45,483
Number of protein atoms 2,689 4,672 2,381
Number of ligand atoms 0 57 37
Number of solvent atoms 208 23 268
RMS bonds (Å) 0.009 0.012 0.007
RMS angles (°) 1.112 1.335 1.085
Average B-value (Å2) 16.9 54.9 23.6
R-value, Rfree

b 0.193, 0.222 0.223, 0.276 0.188, 0.213
a Rsym � �h�j��I(h)� � I(h)j �/ �h�j �I(h)� where �I(h)� is the mean intensity of symmetry-related reflections.
b R-value � ���Fobs� � �Fcalc��/ � �Fobs�; Rfree for 5% of reflections excluded from refinement. Values in parentheses are for the respective high

resolution shells.

FIG. 1. Gene organization and juxtamembrane domain sequence conservation of the Type III receptor RPTK. A, schematic diagram
of the Type III RPTK gene/protein organization showing the five extracellular immunoglobulin (IG) domains, the cell membrane, and membrane-
spanning segment, the juxtamembrane (JM) region, and the intracellular c-Kit kinases domains separated by the kinase insertion domain (KID).
B, sequence alignment of the juxtamembrane regions of the Type III RPTKs. The putative WW-like domain residues Trp557 and Trp580 (c-Kit
numbering) are shown in red and green, respectively. Trp580 marks the beginning of the formal kinase domains. Tyr568, the target for trans
phosphorylation, is shown in aqua. Asterisks denote residues in which the mutation in c-Kit increases basal receptor phosphorylation (Ma et al.,
Ref. 23).
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mg/liter and the recombinant protein, containing an amino-terminal
His6 tag followed by an rTEV protease cleavage site, was purified by
Ni2�-chelate chromatography, the tag was removed with rTEV prote-
ase, and the tag and any uncleaved material were removed by a second
passage over a ProBond Ni2�-chelate column. Purified c-Kit protein was
judged to be �95% pure by SDS-PAGE and was concentrated to 6–12
mg/ml in buffer containing 25 mM Tris, pH 7.6, 250 mM NaCl, 5 mM

dithiothreitol, and 1 mM EDTA. Purified and concentrated c-Kit protein
was flash-frozen in 50-�l aliquots by direct immersion in liquid nitrogen
and stored at �80 °C.

Crystallization and Data Collection—Crystals of activated c-Kit ki-
nase domain (�0.2 	 0.2 	 0.05 mm) are grown at 20 °C as described
(37) by pre-incubating enzyme samples (6 mg/ml) with ATP and MgCl2
prior to performing sitting-drop crystallization experiments using 5 �l
of protein solution and 5 �l of reservoir solution (18% polyethylene
glycol 8000, 0.1 M MES, pH 7.1). Crystals of autoinhibited c-Kit kinase
(�0.1 	 0.1 	 0.2 mm) are obtained at 20 °C from the same protein
preparation (10 mg/ml) using Nanovolume Crystallization® (38) tech-
niques with 50 nl of protein solution and 50 nl of reservoir solution
containing 13% polyethylene glycol 8000, 0.1 M HEPES, pH 7.0. For
crystals of the co-complex with STI-571 (�0.1 	 0.1 	 0.1 mm), 50 nl of
enzyme-inhibitor solution and 50 nl of reservoir (2 M phosphate, 0.1 M

Tris, pH 8.5) were used, and the crystals were grown at 4 °C. Single
crystals of all enzyme forms were harvested in reservoir solutions
supplemented with 25% ethylene glycol, and flash-frozen by direct
immersion in liquid nitrogen. X-ray diffraction data were collected at
the Advanced Light Source Beam Line 5.0.3 equipped with an ADSC
Quantum4 CCD detector, and the diffraction intensities were inte-
grated and scaled using the HKL2000 program suite (39). The activated
c-Kit kinase crystals belong to the orthorhombic space group P21212
with unit cell dimensions a � 95.3 Å, b � 119.5 Å, and c � 62.6Å and
contain two enzyme molecules in the asymmetric unit. The autoinhib-
ited c-Kit kinase crystals belong to the orthorhombic space group
P212121 with unit cell dimensions a � 44.4 Å, b � 77.2 Å, and c � 94.6
Å and possess one enzyme molecule in the asymmetric unit. The
c-Kit�STI-571 complex crystals are in the trigonal space group P3221
with unit cell dimensions a � b � 70.1 Å and c � 127.9 Å and contain
one enzyme-inhibitor co-complex in the asymmetric unit.

Structure Determination and Refinement—The structure of activated
c-Kit kinase was determined by molecular replacement using AMoRe
(40) and refined as described previously (37). This structure contains
two c-Kit enzyme molecules in the asymmetric unit and clear electron
density for residues 567–935 of both enzymes, with the exception of �20
amino-terminal amino acid residues as well as �10 residues comprising
the truncated KID, which are disordered. The structure of autoinhib-
ited c-Kit kinase contains only one enzyme molecule in the asymmetric
unit and was also determined by molecular replacement with AMoRe,
using the activated c-Kit kinase structure as a search model with the
correct solution yielding a correlation coefficient of 0.30 and an initial

R-value of 0.50. The initial solutions were refined with REFMAC (41),
and the models were visually inspected and manually built and rebuilt
using the XtalView/Xfit program suite (42). The structure of autoinhib-
ited c-Kit kinase is fully ordered with unambiguous electron density for
residues 548–935, including the truncated KID residues. For the struc-
ture of the c-Kit�STI-571 complex two molecular replacement calcula-
tions were performed utilizing the activated structure (correlation co-
efficient 0.28, R-value 0.47) and the autoinhibited structure (correlation
coefficient 0.39, R-value 0.44). The autoinhibited structure was clearly
the better model, and a refinement of this model yielded clear unam-
biguous electron density for the bound inhibitor. The x-ray data collec-
tion and crystallographic refinement statistics for these three struc-
tures are presented in Table I. The coordinates have been deposited in
the Protein Data Bank, 1PKG (activated), 1T45 (autoinhibited), and
1T46 (STI-571 co-complex).

Conformational Flexibility Calculations—Coordinate uncertainties
were estimated using the B-factor scaled version of Cruickshank’s dif-
fraction-component precision index (43), which is based on B-factors
including the translation, liberation, and screw-rotation contributions
(44). The coordinate uncertainties for the activated conformation
ranged from 0.246 to 0.688 Å with a mean of 0.365 
 0.076 Å. The
coordinate uncertainties for the autoinhibited conformation were sig-
nificantly smaller reflecting the higher resolution of the diffraction data
used to refine the structure, values ranged from 0.080 to 0.313 Å with
a mean of 0.138 
 0.048 Å.

RESULTS AND DISCUSSION

Structure of Active c-Kit Kinase—The activated and autoin-
hibited c-Kit kinase structures were obtained from constructs
containing an intact juxtamembrane region (approximately
residues from Thr544 to Trp580) followed by the kinase domains.
The KID is a region of variable length and unknown function
that splits the coding sequence for the C-lobe of many RPTKs,
and is truncated in these constructs (see ”Experimental Proce-
dures“). Crystals of the active c-Kit kinase are obtained by
pre-incubating purified protein samples with ATP and Mg2� to
initiate the trans autophosphorylation reaction. Analysis of the
reaction products by mass spectrometry (37) shows that the
primary sites of phosphorylation are Tyr568 and Tyr570, which
are located near the junction of the juxtamembrane domain
and the N-lobe of the kinase (Fig. 1B). The x-ray data collection
and 2.65-Å resolution refinement statistics for activated c-Kit
are presented in Table I. This structure contains two c-Kit
enzyme molecules in the crystallographic asymmetric unit,
with phosphotyrosine (PTR)-568 from the amino termini of
adjacent molecules in the crystal lattice binding in trans at the

FIG. 2. Overall structures of activated and autoinhibited c-Kit kinase. A, a C� ribbon diagram of active c-Kit kinase showing the positions
of the N and C termini and the location of the kinase insertion domain (KID), with �-helices (blue), �-strands (amber), and loops (purple). The
kinase-active center is illustrated by the bound ADP (blue) and Mg2� ion (pink). The C-helix (gold) is in a productive orientation and the A-loop
(green) is in an extended conformation. The substrate-peptide portion of the amino-terminal juxtamembrane domain (purple) extends from the
main body of the kinase and is bound in trans to a second molecule in the crystal lattice. B, a C� ribbon diagram of the autoinhibited c-Kit kinase
with protein secondary structure elements, C-helix, A-loop, and amino-terminal juxtamembrane domain colored as in A. The entire juxtamembrane
region is visible in this structure and inserts between the kinase N- and C-lobes, shifting the position of the C-helix, and sterically blocking the
A-loop from attaining its extended active conformation. The autoinhibited A-loop folds back over the kinase C-Lobe and binds as a pseudosubstrate.
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kinase-active center. In the active c-Kit kinase structure, the
�20 amino acid residues of the juxtamembrane domain pre-
ceding Tyr568 (Fig. 1B) of both enzymes in the crystallographic
asymmetric unit are disordered as are the residues of the
truncated KID.

The structure of active c-Kit kinase domain is consistent
with the common protein kinase fold (Fig. 2A). The smaller
N-lobe is comprised of mostly �-strands and a single �-helix,
the C-helix, that modulates activity via contacts with the nu-
cleotide binding site and DFG motif at the base of the activa-
tion loop (A-loop) (Fig. 2, A and B). Residue Glu640 of the
C-helix of active c-Kit provides a critical salt link to the buried
side chain of Lys623, which bridges the �- and �-phosphates of
the bound ADP. The c-Kit DFG motif is also in an active
conformation, with Asp810 coordinating the Mg2� ion bridging
the �- and �-phosphates, and Phe811 positioned to allow bind-
ing of the adenine moiety of the nucleotide (Fig. 3A).

The active c-Kit kinase enzyme structure is a product com-
plex, with ADP, a Mg2� ion, and the side chain of PTR-568
bound at the kinase-active site. As PTR-568 is covalently at-

tached to another enzyme molecule in the crystal, substrate
peptide binding in trans is restricted by crystal packing inter-
actions. Although the details of phosphotyrosine binding at the
active center is identical in both molecules of the asymmetric
unit, the global course of the substrate peptide binding differs.
We have focused our discussion on substrate peptide binding to
molecule A, as in this configuration the peptide packs against
and stabilizes the active conformation of the A-loop (37). The
activation loop is in the active conformation, despite the fact
that the target A-loop tyrosine, Tyr823, is not phosphorylated.
The side chain of Tyr823 is directed toward a positively charged
region formed by the guanidinium groups of Arg815 and Arg791.
A PTR residue at this position would further stabilize the
kinase A-loop in an active conformation.

Structure of Autoinhibited c-Kit Kinase—Many protein ki-
nases are maintained in an inactive state in the absence of
activating signals, a fact first determined for the Ser/Thr pro-
tein kinases (45), and recently observed for the protein-tyrosine
kinases (46). For many non-receptor tyrosine kinases, such as
the Abl kinase, the inactive state of the kinase is maintained

FIG. 3. On and off conformations of the c-Kit kinase A-loop DFG motif. A, stereo view of the nucleotide-bound c-Kit kinase-active center.
The DFG motif (Asp810, Phe811, Gly812) is in a conformation that allows nucleotide binding with Asp810 ligating the bound Mg2� ion (pink sphere).
In this product complex structure, the P-loop (orange) with Phe600 shields the active center, and the �-phosphate group of ATP has been transferred
to the target tyrosine residue PTR-568. B, stereo view of the autoinhibited c-Kit kinase-active center. The penetration of the autoinhibitory
juxtamembrane region (purple) inserts Trp557 into the area that Phe811 occupies in the activated structure. The DFG motif is in the autoinhibited
off state with Phe811 flipped over and occluding the nucleotide binding site. In this pseudosubstrate complex, The A-loop (green) is folded back and
the P-loop (orange, upper left) is shifted from its nucleotide-bound position.
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through SH2 and SH3 protein interaction domains that asso-
ciate with and inhibit the kinase domain (47). The RPTKs, such
as c-Kit, lack these inhibitory protein interaction domains, and
the kinase is activated via ligand-mediated receptor dimeriza-
tion. In addition to its role as a substrate for trans autophos-
phorylation in vivo, there is compelling evidence that the jux-
tamembrane domain of the Type III RPTKs also functions as
an autoinhibitory domain. Unfortunately, much of this region
is disordered in the active structure of c-Kit. The structure of
autoinhibited c-Kit kinase, which has an ordered juxtamem-
brane domain, permits the dual function of the juxtamembrane
region to be more clearly understood.

The structure of c-Kit in an autoinhibited conformation was
determined using the active c-Kit kinase domain structure as a
molecular replacement search model. Even at the earliest
stages of refinement the electron density maps indicated that a
substantial rearrangement and shifting of the structural ele-
ments in the kinase N-lobe had occurred (Fig. 2B). The high
resolution 1.90-Å data for the autoinhibited structure allowed
for the entire polypeptide chain to be fit unambiguously, in-
cluding the residues for the truncated KID and the amino-
terminal residues that were not visible in the activated kinase
structure.

Contrary to the possibility that the Type III RPTK jux-
tamembrane regions might adopt a “WW-like” �-sheet domain
(24) or an �-helical structure (23), the juxtamembrane domain
forms a compact hairpin loop that inserts directly into the
domain interface between the kinase N- and C-lobes (Fig. 2B).
The �20 amino-terminal residues of the juxtamembrane do-
main, from Tyr547 to Gly565, comprise the inner buried half of
this hairpin loop and form specific interactions that disrupt the
conformation of the kinase DFG motif and A-loop (see below).
The subsequent region that contains the target tyrosine resi-
dues of the autophosphorylation reaction extends along the
exterior solvent-exposed half of the hairpin loop (Fig. 2B). Jux-
tamembrane region residues identified by site-directed mu-
tagenesis as critical in maintaining the autoinhibited state
(Fig. 2) make important interactions in the interface between
the amino-terminal autoinhibitory domain and the formal ki-
nase N- and C-lobes (Fig. 3B). The side chains of Val559 and
Val560 stabilize a hydrophobic patch formed by Val643, Tyr646,
Cys788, and Ile789, whereas Tyr553 penetrates deeply into the

interface (Fig. 3B) and forms hydrogen bonds between its side
chain–OH group and the side chains of buried and conserved
residues Asp810 of the DFG motif and Glu640.

In the active c-Kit kinase structure, the conformation of the
polypeptide backbone is such that Phe811 of the DFG motif does
not block the nucleotide-binding site (Fig. 3A). However, in the
autoinhibited kinase conformation, Phe811 is blocked from this
position by Trp557 and occludes the active site. (Fig. 3B). The
kinase DFG motif flips between the “on” and “off ” states by
rotating about the � main chain torsion angle of Asp810, which
maintains the Asp810 carboxylate side chain in approximately
the same position in the two enzyme conformations. In active
c-Kit kinase Asp810 ligates the Mg2� ion bound between the
nucleotide phosphates, whereas in the autoinhibited state the
side chain of Asp810 is directed toward the positively charged
guanidinium group of Arg815. In the active structure, Arg815

forms a hydrogen bond with the Tyr823 side chain, which is the
key residue within the A-loop that becomes phosphorylated in
vivo, and this interaction stabilizes the active conformation of
the kinase. The D816V and D816H dominant activating mu-
tants (48, 15) may invert the conformation of the protein back-
bone such that the side chain of residue 816 points inward
resulting in the side chain of Arg815 being flipped from its
position in the autoinhibited structure. Alternatively, the del-
eterious effects of Asp816 substitutions may derive from the
ability of this residue to stabilize a small positively charged
�-helical dipole by virtue of the negative charge of its side
chain. Asp816 serves as the amino-terminal capping residue for
approximately one turn of �-helix including residues Ile817,
Lys818, Asn819, and Asp820 (Fig. 4A), and a mutation of Asp816

to a hydrophobic or aromatic residue would potentially desta-
bilize this helical segment and thereby could alter the entire
activation loop toward its activated structure where Asp816 is
involved in a �-sheet interaction (Fig. 4B). A similar helix-
capping interaction may also account for the susceptibility
toward an activating mutation of an equivalent Aspartic acid
residue in the Flt-3 kinase.

The Activation Loop Binds as a Pseudosubstrate in the Au-
toinhibited Structure—The structural switch of the kinase
DFG motif alters the course of the c-Kit activation loop, which
folds back over the C-lobe relative to the extended conformation
of the A-loop seen in the active c-Kit structure (Fig. 2). More-

FIG. 4. The structure and environment surrounding the frequently mutated residue Asp816 in the autoinhibited and activated
c-Kit kinase structures. A, view of the structural environment surrounding Asp816 in the autoinhibited kinase structure. Asp816 is situated
between the P-loop and a short region of 310 helix where the negatively charged Asp side chain can stabilize the positively charged helical dipole.
B, view of the structural environment surrounding Asp816 in the activated kinase structure. Arg815 and Ile817 form �-sheet hydrogen bonding
interactions with Ile79 and Asn787 of the C-lobe to stabilize the activation loop in an extended conformation.
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over, in the autoinhibited conformation, the amino-terminal
portion of the juxtamembrane domain occupies the same region
in space where the extended active A-loop would reside, and
thus physically blocks the A-loop from attaining an active con-
formation. In the autoinhibited state, the target A-loop tyro-
sine, Tyr823, inserts into the kinase-active center and binds as
a pseudosubstrate mimicking the interactions seen in the prod-
uct complex with the phosphotyrosine residue (Fig. 5, A and B).
In this conformation, the side chain of Tyr823 packs between
Pro832 and Ile817 and forms hydrogen bonds between its side
chain hydroxyl and Asp792 O�-1 and Arg796 N� atoms. Asp792

and Arg796 are strictly conserved among the Type III RPTKs.
For the activated kinase, PTR-568 binds similarly in trans,
with additional interactions from the phosphate group to
Asn797 N�-2 and the bound Mg2� ion, but the PTR side chain
inserts between Pro832 and Ala599 from the kinase P-loop (Figs.
3A and 5A). The switching of the kinase DFG motif and conse-
quent structural rearrangement of the autoinhibited A-loop
forces the P-loop away from its position in the active structure

to a position �6 Å away in the autoinhibited state (Fig. 3B), as
measured from the C� to C� distance between Phe600 in the
two superimposed structures. The orientation of the autoinhib-
ited A-loop is similar to the pseudosubstrate-binding orienta-
tion first observed in the insulin receptor kinase, IRK (49), and
subsequently also in both the structures of c-Abl bound to
STI-571 (50) and other compounds (47, 51), the muscle-specific
tyrosine kinase, MuSK (33), as well as the recently determined
crystal structure of the Flt-3 kinase (52).

This mechanism of kinase autoinhibition by the juxtamem-
brane domain seen in c-Kit, as well as in the recently deter-
mined structure of the related Flt-3 kinase (52), is distinct from
that seen in other autoinhibited receptor kinase structures.
Notably, the intact juxtamembrane regions of these Type III
RPTKs interact extensively with their respective kinase do-
mains disrupting not only the conformation of the critical con-
trol C-helix but also physically blocking the kinase DFG motif
and A-loop from attaining an active conformation (Figs. 2B and
3B). Such extensive interactions with key kinase structural

FIG. 5. Substrate binding and pseudosubstrate autoinhibition of c-Kit kinase. A, stereo view of the product-complex c-Kit structure. The
amino-terminal signal peptide (purple) from another c-Kit enzyme molecule is bound in trans, and phosphotyrosine residue PTR-568 is interacting
with bound Mg2� ion (red sphere) and conserved residue Arg796. B, stereo view of the autoinhibited c-Kit kinase structure. In this pseudosubstrate
complex, The A-loop (green) is folded back and inserts Tyr823 into the position occupied by PTR-568 from the second enzyme molecule in the
nucleotide-bound active structure.
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elements are not generally observed in other autoinhibited
kinase structures, such as the EphB2 RPTK where the unphos-
phorylated juxtamembrane region adopts a helical conforma-
tion that specifically interacts with and disrupts only the C-
helix of the kinase N-lobe (32). A similar specific disruption of
the C-helix is observed by an �-helical juxtamembrane region
of the MuSK RPTK (33), whereas the c-Abl non-receptor tyro-
sine kinase is maintained in an autoinhibited state through
interactions mediated by an amino-terminal myristoyl modifi-
cation and ancillary SH2 and SH3 protein domains. These
diverse autoinhibitory mechanisms among different families of
receptor tyrosine kinases highlight the complexity and confor-
mational flexibility of protein kinases (46).

Rigidity and Flexibility of the Autoinhibited to Active Kinase
Transition—To help examine the transition between the auto-
inhibited and activated c-Kit kinase structures, the parts of the
kinase that are flexible, and the regions that are conformation-
ally invariant were identified by the analysis of error-scaled C�
difference distance matrices (44). The central cores of both the
kinase N- and the C-lobes behave as two essentially independ-
ent rigid bodies that move with respect to each other in the
structural transition (Fig. 6A). For the C-lobe, 147 residues
(673–689, 766–808, 832–843, 849–871, 876–927) form an in-
dependent rigid domain in which C� atoms superimpose within
0.42-Å root mean square (RMS) deviation in the two structures,
whereas for the N-lobe an independent rigid domain is formed
by 58 residues (580–594, 602–611, 615–625, 644–650, 655–
662, 666–672) that superimpose the C� atoms within a 0.44-Å
RMS deviation. These values are within the range of the coor-
dinate uncertainties for the lower resolution activated struc-
ture and compare with an RMS deviation of 1.62 Å when the
two structures are superimposed globally. The remaining parts

of c-Kit show significant local movements when the protein
switches between the autoinhibited and activated forms (Fig.
6A). These conformationally flexible residues include the ami-
no-terminal autoinhibitory domain (residues 547–579), the P-
loop (595–601), a peripheral loop in the N-lobe (612–614), the
C-helix (626–643), a loop that contacts the C-helix via Arg634 in
the autoinhibited form (663–665), and a loop of the N-lobe that
contacts the C-lobe (651–654). In the C-lobe, these flexible
regions include the truncated KID region (690–765), the A-loop
(809–831), a small loop in contact with the A-loop (872–875),
and a second small loop in the C-lobe that contacts the target
tyrosine-containing region of the autoinhibitory domain
(844–848).

The local conformation surrounding the substrate portion of
the juxtamembrane domain is conserved despite global struc-
tural flexibility. The local conformation of this region is re-
markably similar to the peptide conformation observed bound
in trans in the activated structure (Fig. 6B), suggesting that no
major structural reorganization of the target tyrosine-contain-
ing region needs to occur for the trans autophosphorylation
reaction to proceed in vivo. Very recently, Griffith et al. (52)
reported the structure of the Flt-3 kinase domain and proposed
a mechanism for the way in which the juxtamembrane domain
regulates kinase activity where the role for the homologous
region encompassing from Ile557 to Trp580 is to maintain and
align the substrate tyrosines in the proper register during and
after the transition from autoinhibited to activated structure
(52). Our c-Kit structures allow a direct comparison of this
region and indicate that it maintains the substrate in a favor-
able conformation for binding to another kinase in trans,
whereas the length of this region is strictly conserved among

FIG. 6. Conformational rigidity and
flexibility in the autoinhibited to ac-
tive c-Kit kinase structure transition.
A, global conformational flexibility. The
autoinhibited and active c-Kit kinase
structures are shown superimposed ac-
cording to their rigid C-lobe �-helical
cores (blue ribbons). This illustrates the
domain rotation of the rigid N-lobe core
�-sheet (gold arrows). Regions that show
significant conformational change, in-
cluding the A-loop and C-helix, are shown
for the autoinhibited (pink tubes) and ac-
tive (green tubes) kinase structures. The
substrate peptide regions shown superim-
posed in B are circled. B, local conserva-
tion of structure. The portion of the jux-
tamembrane domain encompassing the
substrate tyrosines, Tyr568 and Tyr570,
are shown locally superimposed for the
active (red) and autoinhibited (blue) ki-
nase structures. Despite markedly differ-
ent structural environments this region
maintains its local conformation suggest-
ing that this is the preferred substrate
peptide conformation for c-Kit trans acti-
vation in vivo.
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the Type III RPTKs to ensure that self-activation via cis auto-
phosphorylation cannot occur.

STI-571 Co-crystal Structure and Implications for c-Kit In-
hibition—RPTKs occupy a position at the top of cellular growth
and proliferation signal transduction cascades, and their aber-
rant activation is often implicated in human disease. RPTKs
thus are attractive targets for therapeutic intervention by
small molecule inhibitors. Many of these inhibitors are compet-
itive with ATP, binding at the conserved kinase nucleotide-
binding site, and are often targeted to the active kinase con-
formation. Specificity for particular kinases can be achieved by
exploiting small sequence and conformational variations sur-
rounding the ATP-binding pocket. Drugs that target distinct
inactive kinase conformations, however, are likely to attain a
greater degree of specificity. One such successful drug com-
pound is STI-571, which is an effective treatment for chronic
myelogenous leukemia by specifically targeting the Abl kinase.
STI-571 does not inhibit the Ser/Thr protein kinases, nor many
of the tyrosine kinases, including Flt-3, but it is an effective
inhibitor of platelet-derived growth factor and c-Kit (36), the
two closely related Type III RPTKs.

Unlike crystal structures of the Abl kinase, our autoinhibited
c-Kit kinase structure is obtained in the absence of any bound
inhibitor and is thus proof that this protein conformation exists
independently and is not induced by STI-571 binding. Further-
more, our autoinhibited structure indicates that STI-571 is not
an ideal compound for maintaining c-Kit in the autoinhibited
state. STI-571 consists of a 2-phenylaminopyrimidine core plus
a pyridine linked via a peptide bond to a phenyl ring and a
piperazinyl group (Fig. 7A). Our c-Kit kinase autoinhibited
structure suggests that STI-571 is too large to fit within the

pocket formed at the N- and C-lobe interface of the autoinhib-
ited structure (Fig. 7B). To test this hypothesis, we performed
proteolysis experiments with and without added inhibitor. The
protein is resistant to protease cleavage in the absence of added
STI-571 but is cleaved readily when STI-571 is added in a
molar excess (data not shown), providing evidence that STI-571
binding to c-Kit actually disrupts the autoinhibitory domain.
This protease-treated c-Kit protein was crystallized and the
co-crystal structure of a c-Kit�STI-571 complex solved and re-
fined to a 1.6-Å resolution (Table I).

STI-571 binds to autoinhibited c-Kit in a similar manner to
that observed in the complex with the Abl kinase (51); however
there is an induced readjustment of the DFG motif because of
a steric clash with the side chain of Phe810 (Fig. 7B). Many
small molecule inhibitors of protein kinases mimic the interac-
tions made with the adenine portion of ATP, inserting into the
cleft between the kinase N- and C-lobes and forming hydrogen
bonds to the polypeptide backbone of hinge region residues.
Although there is a slight tilt of the aminopyrimidine and
pyridine rings of STI-571 bound to c-Kit as compared with Abl,
the hydrogen-bonding interactions are similar, with a 2.85-Å
hydrogen bond between the pyridine nitrogen and the back-
bone amide of c-Kit residue Cys673 and a 2.95-Å hydrogen bond
formed between the aminopyrimidine nitrogen of STI-571 and
the side chain O�-1 atom of the gatekeeper residue Thr670 (Fig.
7B). Active kinase structures are characterized by a critical salt
link between a conserved C-helix glutamic acid residue and a
lysine residue that orients the lysine side chain for interaction
with the nucleotide phosphates. This salt link (�2.7 Å) between
Glu640 and Lys623 is maintained in autoinhibited c-Kit, with
the O�-1 atom of Glu640 also forming a 2.8-Å hydrogen bond

FIG. 7. STI-571 binding and interac-
tions with c-Kit kinase. A, chemical
structure of STI-571 and Fobs � Fcalc omit
difference electron density calculated
prior to building the inhibitor into the
co-crystal structure, contoured at 3�
(blue) and 6� (red). Key hydrogen bonds
are depicted. B, stereo view of STI-571
(purple) binding to c-Kit showing key hy-
drogen bonds formed with the hinge resi-
due Cys673, gatekeeper residue Thr670,
and conserved residue Glu640. The
polypeptide surrounding Trp557 from the
virgin autoinhibited c-Kit structure is
shown superimposed on the STI-571 com-
plex structure.
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with the nitrogen of the STI-571 peptide bond linker. The
carbonyl oxygen of the STI-571 peptide bond is within hydro-
gen-bonding distance (�3.1 Å) of the backbone amide of Asp810

in the c-Kit DFG motif. The phenyl ring of STI-571 packs
loosely between the aliphatic portions of the side chains of
Asp810, Glu640, and the side chain of Leu644, whereas the pi-
perazine ring of the inhibitor makes no specific interactions
with the protein but rests in a shallow pocket bounded by
Val643, Cys788-Ile789-His790-Arg791, and Asp810. Superimposing
our virgin c-Kit autoinhibited structure on the STI-571 complex
structure clearly shows that these latter two moieties of STI-
571, namely the phenyl and piperazinyl rings, are incompatible
with the fully assembled autoinhibited structure of c-Kit ki-
nase. Although STI-571 binding does not necessarily induce the
autoinhibited conformation, it does clash with and disrupt the
molecular mechanism that has evolved to maintain c-Kit in its
off state. By replacing these disruptive portions of STI-571 with
shorter chemical entities that actually stabilize the natural
autoinhibited state, therapeutic compounds with higher affin-
ities and greater specificity for c-Kit might be developed. By
extension such inhibitors could also be effective against the
other Type III RPTKs, including platelet-derived growth factor
and Flt-3.

Our crystal structures of c-Kit kinase reveal a simple and
elegant manner in which the small juxtamembrane domain
functions to maintain the kinase in an autoinhibited state.
Insertion of this autoinhibitory domain into the cleft between
the kinase N- and C-lobes flips the DFG motif into its off state,
thereby inducing the activation loop to fold back over from its
extended conformation in the active kinase where it binds as a
pseudosubstrate at the kinase-active center. A co-crystal struc-
ture of c-Kit kinase in complex with the inhibitor STI-571
reveals that this compound binds to the inactive kinase but
that STI-571 binding in fact disrupts the mechanism that has
evolved to maintain this inactive state through an association
of the autoinhibitory juxtamembrane domain with the kinase
domains. These results demonstrate that effective inhibitors of
the Type III protein-tyrosine kinases could be developed that
exploit the unique autoinhibited conformations of these
kinases.
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