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1. Introduction

Protein kinases play important roles in the intracellular signal-
ing pathways that regulate cell functions such as proliferation,

differentiation, and survival. In cancer cells, expression of mu-
tated protein kinase genes can cause over-activation of these

intracellular signaling pathways, resulting in promotion of ma-

lignant transformation. Therefore, drugs that inhibit the activity
of protein kinases are an important means of treating cancers.

Kinase inhibitors are categorized as type I inhibitors, which
bind to the ATP binding site of the target kinase; type II inhibi-

tors, which bind to the ATP binding site and to a neighboring
region; and type III inhibitors, which bind to an allosteric site.[1]

Type I inhibitors generally have low selectivity, because the

amino acid sequence and structure of the ATP binding pocket
of kinases have high similarities. In addition to these three

types, kinase inhibitors are further classified into subdivisions
with more specific criteria.[2]

Gefitinib (trade name: Iressa) is a type I kinase inhibitor used
for the treatment of advanced non-small-cell lung cancer that
is positive for a mutation in the epidermal growth factor recep-

tor (EGFR) gene.[3, 4] The structure of gefitinib has a 4-anilino-
quinazoline skeleton (Figure 1). Although gefitinib is currently
in clinical use, serious adverse drug reactions such as intersti-
tial lung disease and respiratory dysfunction have been report-

ed,[5] suggesting that gefitinib has unidentified off-target inhib-
itory effects.

Gefitinib is the molecular target drug for advanced non-small-
cell lung cancer. The primary target of gefitinib is the positive

mutation of epidermal growth factor receptor, but it also inhib-
its cyclin G-associated kinase (GAK). To reveal the molecular
bases of GAK and gefitinib binding, structure analyses were
conducted and determined two forms of the gefitinib-bound
nanobody·GAK kinase domain complex structures. The first

form, GAK_1, has one gefitinib at the ATP binding pocket,
whereas the second form, GAK_2, binds one each in the ATP

binding site and a novel binding site adjacent to the activation
segment C-terminal helix, a unique element of the Numb-asso-
ciated kinase family. In the novel binding site, gefitinib binds in

the hydrophobic groove around the activation segment, dis-
rupting the conserved hydrogen bonds for the catalytic activi-

ty. These structures suggest possibilities for the development
of selective GAK inhibitors for viral infections, such as the hep-

atitis C virus.

Figure 1. Chemical structure of gefitinib.
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In addition to inhibiting signaling through EGFR (IC50 =

14 nm),[6] Brehmer et al. have reported that gefitinib also inhib-

its cyclin G-associated kinase (GAK) and receptor-interacting
serine/threonine protein kinase 2 (RICK; also known as RIPK2,

RIP2, and CARDIAK) (IC50 = 90 and 49 nm, respectively), as de-
termined by using a proteomics approach.[6] GAK regulates cla-
thrin-mediated membrane trafficking,[7] transcriptional coacti-
vation,[8] and mitotic chromosome congression,[9] and is also
essential for cell growth.[10, 11] Knockout mice expressing the

kinase-dead form of GAK develop respiratory dysfunction and
die immediately after birth, suggesting that GAK inhibition is
one of the underlying causes of the serious adverse drug reac-
tions associated with gefitinib treatment.[12] GAK also phos-

phorylates the m subunit of adaptor protein 2, which induces
rearrangement of its structure; this inhibits adaptor protein-

mediated trafficking in the endocytic pathway,[13] which is asso-

ciated with hepatitis C virus entry into host cells and increased
risk of developing Parkinson’s disease. Therefore, GAK is a po-

tential therapeutic target for the treatment of hepatitis C and
Parkinson’s disease.[13] Investigations of the structural details of

GAK inhibition will contribute not only to understanding the
adverse drug reactions, but also to developing selective inhibi-

tors for several severe diseases, such as Parkinson’s disease.

GAK is composed of four domains: a kinase domain in the
N-terminus, a PTEN-like domain, a clathrin-binding domain,

and a J domain at the C-terminus. The kinase domain belongs
to the Numb-associated kinase (NAK) family that includes

MPSK1 (myristoylated and palmitoylated serine/threonine
kinase 1), AAK1 (adaptor-associated kinase 1), and BMP2 (bone

morphogenetic protein 2)-inducible kinase,[14] the structures of

which have all been solved.[15, 16] The active structures of these
kinases all have a large a-helix, including an activation seg-

ment C-terminal helix (ASCH) at the C lobe, which allows for
continuous kinase activity without the need for phosphoryla-

tion of the activation loop.

Here, we report the crystal structures of two GAK kinase do-
main·gefitinib·Nanobody (Nb) complexes. The two structures

differ in the number of gefitinib binding sites : both structures
possess a common ATP binding site; however, one also pos-

sesses a secondary binding site in a segment that is important
for the catalytic activity of GAK, suggesting that gefitinib

strongly inhibits GAK. The binding mode of gefitinib in the
common ATP binding site is similar in GAK and EGFR. Together,

these crystal structures provide important information that will

be useful for the structure-based design of drugs with greater
selectivity for EGFR and GAK.

2. Results and Discussion

2.1. Structure of GAK Kinase Domain

Initially, we attempted to determine the structure of the GAK
kinase domain·gefitinib complex; however, the crystal diffract-

ed at a low resolution (ca. 3.5 a) and we were unable to deter-
mine the gefitinib electron density in the structure. Recently,

high-resolution crystal structures of the active and inactive

forms of GAK kinase domain in complex with Nbs were report-
ed (Protein Data Bank [PDB] ID: 4C57 [2.55 a] and 4C59 [2.8 a] ,

respectively).[15] Therefore, in the present study, we used a cell-
free synthesis system[17] to synthesize two Nbs and we were

able to co-crystallize GAK kinase domain·gefitinib·Nb com-
plexes. Consequently, two crystal forms (GAK_1 and GAK_2),

which contain the 4C57 type Nb, were obtained and solved by
using a molecular replacement method with the first Nb (PDB

ID: 4C57) as the search model ; these structures were refined to

resolutions of 2.80 and 2.50 a, respectively (see Table S1 and
Figure 2). Thus, using Nbs was effective for determining the

structure of the GAK kinase domain·gefitinib complex.
The two GAK kinase domain structures both have a general

bilobal structure, comprising a larger C lobe and a smaller

Figure 2. Ribbon diagrams of the overall structures of the GAK kinase domain·gefitinib·nanobody complexes (GAK_1, green; GAK_2, cyan). Gefitinib molecules
are shown as purple stick models. ASCH, activation segment C-terminal helix.
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N lobe (Figure 2). Although the complexes crystallized with dif-
ferent crystal packing that included one or two complex mole-

cules in the asymmetric unit, the root mean square deviation
(rmsd) value for the common Ca atoms of the GAK kinase

domain in both crystal structures was 0.6 a. A comparison of
GAK_1 and the previously reported GAK kinase domain in

complex with a Nb (PDB ID: 4C57)[15] provided a Ca rmsd of
0.9 a, indicating that the structures were almost identical.

GAK_1 and GAK_2 adopt an active conformation,[2] featuring

the DFG-in and aC-in configuration, which possesses a salt
bridge between Lys69 at a conserved active site in b3 and
Glu85 in aC, and an ordered activated segment including
ASCH. ASCH is stabilized by hydrogen bonds formed between
the conserved amino acids of the catalytic loop and the activa-
tion segment (Mg2 +-binding loop, activation loop, P + 1 loop,

and APE loop). The main difference between the two GAK

structures is that they differ in the number of gefitinib mole-
cules that are bound: GAK_1 includes one gefitinib molecule

bound to the ATP binding site of the GAK kinase domain,
whereas GAK_2 includes two gefitinib molecules—one bound

to the ATP binding site and one bound to a binding site locat-
ed in the C lobe.

2.2. Gefitinib Binding Affinity for the GAK Kinase Domain

In this study, we conducted a surface plasmon resonance (SPR)
analysis to determine the dissociation constant (KD) of gefitinib

for the GAK kinase domain. By adopting a 1:1 binding model
of the steady-state affinity analysis, its KD was estimated as

15.4 nm, which is close to the previously reported value.[18]

Considering the existence of the second binding site in the
GAK_2 structure, the SPR data were further analyzed by the ki-

netic heterogenous ligand model. The analysis implied the
presence of two binding sites with high and low affinities:

KD1 = 1.62 nm and KD2 = 285 nm. These affinities may corre-
spond to the two binding sites in the GAK_2 crystal struc-
ture.

Both gefitinib bindings in GAK_2 occur in pockets, and not
at the crystal packing interface. Thus, the two crystal forms
suggest that conformational variations appear in the different
crystals. The GAK activation form is stabilized by Nb, which is

located approximately 34 a apart from ASCH. There is no inter-
molecular interaction around ASCH. Molecular contacts, such

crystal packing, in the other part might influence the ligand af-

finities at the binding sites through the stability of the activat-
ed form. These interaction circumstances may underlie the dif-

ferent binding stoichiometries (1:1 and 1:2) in the different
crystal forms (GAK_1 and GAK_2).

2.3. Gefitinib Binding to the ATP Binding Site

The electron densities of gefitinib in the ATP binding pocket of
GAK_1 and GAK_2 were clearly observed (Figure 3 a,b). In both

structures, the anilinoquinazoline ring of gefitinib is located
toward the ATP binding pocket. The chloro group of the ani-

line ring of gefitinib is oriented to the N lobe. The nitrogen
atom of the quinazoline ring forms a hydrogen bond with the

backbone amide group of Cys126. The binding of gefitinib
with GAK_2 is stabilized by a hydrogen bond network formed

among Glu85, Thr123, Phe192, Cys190, and three water mole-
cules. The gefitinib molecule also contacts Leu46, Val54, and

Ala67 in the roof of the pocket ; Glu124 and Leu125 in the
hinge region; and Lys127, Gly128, Gln129, and Leu180 in the

floor of the cleft. The interaction manners are summarized in
Figure S1 a and S1 b. The anilinoquinazoline ring of gefitinib
bound to GAK_1 and GAK_2 superimposes well. A propylmor-

pholino group was added to improve the pharmacokinetic
properties of the inhibitor (Figure 1).[19] In GAK_1 and GAK_2,
the propylmorpholino group differently extends toward sol-
vent region, and there is no specific interaction with GAK.

2.4. Binding Mode of Gefitinib to GAK or EGFR

Six structures of the gefitinib·EGFR complex (PDB: 4WKQ, 4I22,
3UG2, 2ITO, 2ITY, and 2ITZ; two with wild-type and four with

mutant EGFR) have been reported.[20] EGFR(L858R) and
EGFR(G719S) are gefitinib sensitive, whereas the other struc-

tures, which have a second mutated T790M, are gefitinib resist-

ant. In the gefitinib·EGFR complex, the aniline ring of gefitinib
extends into the hydrophobic pocket of the ATP binding cleft,

and the nitrogen atom in the quinazoline ring of gefitinib
forms only a single hydrogen bond with the backbone amide

of Met793 in the hinge region of EGFR.[20a] The propylmorpholi-
no group is oriented differently in the gefitinib·EGFR complex

as well as the gefitinib·GAK complex. To examine the causes of
the serious adverse drug reactions associated with gefitinib ad-

ministration, the amino acid sequence, overall structure, and

binding mode with gefitinib of EGFR(L858R) and GAK_1 were
compared. EGFR(L858R), and GAK_1 has a sequence identity of

13.5 % and a structural similarity with an rmsd of 3.36 a over
210 common Ca atoms and 0.72 a for the common main

chain atoms composing the ATP binding site. Superimposing
the two structures (Figure 3 c) revealed that the location of the

anilinoquinazoline ring and its hydrogen bond with Cys129 in

the GAK kinase domain [corresponding to Met793 in
EGFR(L858R)] are conserved. The gefitinib binding pocket

region is also similar. However, in EGFR(L858R), a rigid amino
acid, Pro794, in the hinge region appears to provide a charac-

teristic structural environment.

2.5. Second Gefitinib Binding Site in the GAK Kinase Domain

A novel second gefitinib binding site was observed in the acti-
vation segment of GAK_2 (Figure 4 a). Crystal structures with
two binding sites have been reported for MPSK1[16] and Casein

kinase 1 g1 (PDB ID: 2BUJ and 2CMW, respectively). However,
the second binding sites in the structures of these two kinases

are at the surface of the N lobe, which is different to the loca-

tion of the second binding site in GAK_2. In GAK 2, the anili-
noquinazoline ring is located parallel to ASCH, and the propyl-

morpholino group extends toward the aC helix. The anilino-
quinazoline ring of gefitinib is surrounded by a hydrophobic

environment formed by the side chains of His200, Val214,
IIe218, Ser194, Asn221, and Thr222, and the main chain of
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Gly193. A cation–p interaction is formed between the guanidi-
no group of Arg172 and the quinazoline skeleton of gefitinib,
and a stacking interaction is formed between the imidazole
ring of His200 and the aniline ring. In addition, hydrogen

bonds between Arg172 and Gln244, mediated by two water
molecules, stabilize the binding of the second gefitinib mole-

cule to GAK_2. The interaction manners are summarized in Fig-

ure S2 a and S2 b. Through the binding of the second gefitinib
molecule, ASCH moves toward the solvent region by 3.5 a

compared with in GAK_1, which disrupts the hydrogen bonds
between Asp173–Thr223 and Ser194–Asn221 (Figure 4 b). The

former hydrogen bond corresponds with the substrate-in-
duced hydrogen bond between Asp166 and Thr201 in cAMP-

dependent protein kinase.[21] Substitution of Thr201 with an

alanine residue in cAMP-dependent protein kinase abolishes its
enzyme activity.[21] The latter hydrogen bond stabilizes the

active conformation by connecting the activation loop and
ASCH. These hydrogen bonds are important to anchor the C-

terminal region of the active loop and for the kinase activity.[22]

Considering the role of these hydrogen bonds, the binding of

gefitinib to the second binding site likely further inhibits sub-
strate binding activity.

2.6. Comparison of the Second Binding Sites among NAK
Family Kinases

The crystal structures of the NAK family kinases have been de-

termined[23] for MPSK1 (PDB: 2BUJ), AAK1 (4WSQ), and BMP2K
(4W9X).[16] The superimposition of these kinases and GAK_1

produced rmsd values of 2.2 a (GAK-MPSK1), 1.8 a (GAK-AAK1),
and 1.4 a (GAK-BMP2K). These structural similarities can be cor-

related with the sequence conservations: 23.2 % (GAK-MPSK1),
37.0 % (GAK-AAK1), and 37.1 % (GAK-BMPK2).

Although ASCH is a unique motif for the NAK family kinases,

the motif length and sequence vary among the kinases
(Figure 5). The second gefitinib binding site is present in this

region. A comparison among the NAK family kinase structures
suggested that hydrophobic contacts might be possible for

each kinase, because hydrophobic interactions are achieved
with aliphatic side chain moieties. The other interactions in

Figure 3. Comparison of gefitinib binding at the GAK ATP binding site. Gefitinib binding at the ATP binding site of a) GAK_1 and b) GAK_2. Gefitinib is shown
as a stick model with the backbone carbons in green (GAK_1) and cyan (GAK_2) and the 2 Fo@Fc electron density map (1s). c) Superimposed structures of
GAK_2 (green ribbon structure) and EGFR (orange ribbon structure). Gefitinib molecules are shown as a green (GAK_2) and orange (EGFR) stick model.
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GAK around the second binding site are 1) a cation–p interac-

tion formed between the guanidino group of Arg172 and the
quinazoline skeleton of gefitinib, 2) a stacking interaction

formed between the imidazole ring of His200 and the aniline
ring, and 3) hydrogen bonds between Arg172 and Gln244,

mediated by two water molecules (see above). Among these

amino acids (Arg172, His200, and Gln244), Arg172 is conserved
in the NAK family kinases (Figure 5), whereas His200 and

Gln244 are not conserved. Therefore, the stacking interaction
and the water-mediated hydrogen bonds with gefitinib seem

Figure 4. Second gefitinib binding site. a) Location of the second gefitinib binding site with an overlay of the 2 Fo@Fc electron density map (1s) of gefitinib.
b) Structures of GAK_1 (green ribbon structure; left panel) and GAK_2 (cyan ribbon structure; right panel) around the second binding site. A gefitinib mole-
cule bound to GAK_2 is shown as a stick model.

Figure 5. Sequence alignment of the NAK family kinases. The alignment is shown from the HRD motif to the APE motif.
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to be the selective interactions for GAK against other kinases
(MPSK1, AAK1, and BMPK2).

GAK is reportedly involved in the hepatitis C virus life cycle,
and thus an inhibitor of GAK can be considered as an anti-hep-

atitis C agent.[18] Selective inhibitors for the NAK family kinases
to inhibit the ATP binding site have been explored.[23] Our re-
sults suggest that gefitinib binding at the second site is a se-
lective interaction for both GAK and gefitinib. The second
binding site, as well as the ATP binding site, may be a potential

target site for GAK-selective inhibitor development.

3. Conclusions

Here, we solved the crystal structures of two GAK kinase do-

main·gefitinib·Nb complexes and discovered a novel second
gefitinib binding site in GAK. The two crystal structures re-

vealed that the kinase activity of GAK and EGFR are inhibited
by gefitinib through the same inhibitory mechanism. In addi-

tion, this is the first time a second binding site near ASCH has
been reported, which is unique in the NAK family kinases. De-

tailed information on the structures of EGFR and GAK is impor-

tant for the design of highly selective drugs targeting these
proteins, as demonstrated by our discovery that gefitinib bind-

ing at both the first and second site causes strong inhibition.
Although the binding of ligands at secondary sites is yet to be

reported for other NAK family kinases, the present results sug-
gest that the second binding site may be a latent compound-

binding site in NAK family kinases. The structural information

presented here will be useful to direct in silico screening for
the development of novel drugs with greater selectivity for

GAK.

Experimental Section

Cloning of GAK

A DNA fragment containing the kinase domain (25–335) of the
human GAK gene (OriGene Technologies, USA) was amplified by
means of PCR and sub-cloned into the expression vector
pCR2.1TOPO (Life Technologies, USA) with an N-terminal fusion
consisting of an N-terminal “N11-tag” (MKDHLIHNHHKHEHAHAEH,
affinity tag for nickel resin) and a TEV protease cleavage site.
Genes encoding the Nbs were converted from two amino acid se-
quences (PDB ID: 4C57 and 4C58) and synthesized by Eurofins Ge-
nomics (Japan), and the DNA fragments were amplified and sub-
cloned in a similar way to GAK.

Protein Expression and Purification

GAK and the two Nbs were synthesized by using a cell-free protein
synthesis system.[24] In the case of the Nbs, 400 mg mL@1 of Escheri-
chia coli disulfide isomerase DsbC and oxidized glutathione (GSSG)
(Nacalai Tesque, Japan) was added to the reaction solution to pro-
mote the formation of disulfide bonds and optimize the redox con-
ditions.[25] The solutions were then applied to a HisTrap column
(GE Healthcare, UK) pre-equilibrated with 20 mm Tris (pH 8.0), 1 m
NaCl, 20 mm imidazole, and 10 % glycerol. The samples were
eluted with a buffer containing 500 mm imidazole, and the N11-
tag was cleaved with TEV protease at 4 8C overnight in a buffer

containing 20 mm Tris (pH 8.0), 500 m NaCl, 20 mm imidazole, and
10 % glycerol. Then, the solutions were applied to a HisTrap
column, followed by the elution with a buffer containing 500 mm
imidazole, to remove the N11-tag. The flow-through fractions
(GAK) and the eluted fractions (Nbs) were further purified by using
an ion-exchange column (Resource Q; GE Healthcare, UK) and a
size-exclusion chromatography column (Superdex75; GE Health-
care, UK) in a final buffer containing 20 mm Tris (pH 8.0), 300 mm
NaCl, 2 mm DTT, and 10 % glycerol for GAK, and 50 mm Tris
(pH 7.5) and 100 mm NaCl for the Nbs. Purified GAK and Nb were
mixed in a 1:2 molar ratio, and then the complexes were separated
by using a size-exclusion chromatography column with a buffer
containing 50 mm Tris-HCl (pH 7.5) and 100 mm NaCl. Samples
were concentrated to a final concentration of 10 mg mL@1 and
stored at @80 8C.

Crystallization and Data Collection

The GAK kinase domain·Nb complexes were incubated with
0.5 mm gefitinib (purity >99.9 %, HPLC; Funakoshi, Japan) and 1 %
DMSO. To obtain the GAK_1 crystal, GAK kinase domain·Nb com-
plex was mixed in a reservoir solution containing a 0.17 m ammoni-
um sulfate, 0.085 m sodium cacodylate trihydrate (pH 6.5), 25.5 %
PEG8000, and 15 % glycerol, and co-crystallized by using the sitting
drop method at 20 8C. To obtain the GAK_2 crystal, the GAK kinase
domain·Nb complex was mixed with a reservoir solution contain-
ing a 0.2 m ammonium sulfate, 0.1 m sodium cacodylate trihydrate
(pH 6.5), and 15 % PEG8000, and co-crystallized by using the hang-
ing drop method at 20 8C. The deposited crystals were refined in
the same conditions used for the seeding. Both crystals were flash-
frozen in liquid nitrogen with 20 % glycerol as the cryoprotectant.

Structure Determination and Refinement

The diffraction data for the GAK_1 and GAK_2 crystals were collect-
ed by using beamline BL32XU at SPring-8 (Hyogo, Japan) and pro-
cessed by using the HKL2000,[26] XDS,[27] and CCP4 software
suite.[28] Molecular replacement was performed with the Phaser
program[29] by using the coordinates of Nb and the GAK kinase
domain (PDB ID: 4C57) as the search models. The model was built
with COOT,[30] and refinement was performed with PHENIX soft-
ware.[31] The geometry restraints of gefitinib were generated with
the eLBOW module of PHENIX. Ramachandran statistics were calcu-
lated with the MolProbity.[32] Structural models were drawn by
using PyMOL software (the Pymol Molecular Graphics System, Ver-
sion 1.8, Schrodinger, LLC). Structural comparisons were performed
by using the Superpose program in the CCP4 suite.

Surface Plasmon Resonance

Experiments were conducted on a BIAcoreTM T200 instrument (GE
Healthcare Life Sciences). GAK was immobilized on a Sensor Chip
CM5, using an Amine Coupling Kit (GE Healthcare Life Sciences).
All data were collected in buffer containing 10 mm HEPES (pH 7.3),
150 mm NaCl, 1 mm MgCl2, and 0.005 % surfactant P-20. Serial con-
centrations (0–50 mm) of gefitinib were injected, and the responses
were measured. The experiments were performed with five sample
concentrations, in triplicate. Dissociation constants (KD) were com-
puted by fitting to a 1:1 interaction model in the steady-state affin-
ity analysis and a heterogeneous ligand model in the kinetic analy-
sis, using the Biacore software, BIAevaluation (GE Healthcare Life
Sciences). The stoichiometry was calculated based on the theoreti-
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cal Rmax value, where the theoretical Rmax = MWA/MWL V RL V
SM (MW: molecular weight, A: analyte, L: ligand, RL: immobiliza-
tion level of ligand in RU, SM: stoichiometry).

Accession Codes

The coordinates and structure factors of the final models of the
Nb·GAK kinase domain complexes were deposited in the PDB (PDB
IDs: 5Y7Z and 5Y80).
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