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Murine protein serine/threonine kinase 38 (MPK38), also known as maternal embryonic leucine zipper
kinase (MELK), has been associated with various human cancers and plays an important role in the for-
mation of cancer stem cells. OTSSP167, a MELK selective inhibitor, exhibits a strong in vitro activity, con-
ferring an IC50 of 0.41 nM and in vivo effect on various human cancer xenograft models. Here, we report
the crystal structure of MPK38 (T167E), an active mutant, in complex with OTSSP167 and describe its
detailed protein-inhibitor interactions. Comparison with the previous determined structure of MELK
bound to the nanomolar inhibitors shows that OTSSP167 effectively fits into the active site, thus offering
an opportunity for structure-based development and optimization of MELK inhibitors.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Murine protein serine/threonine kinase 38 (MPK38), also
known as maternal embryonic leucine zipper kinase (MELK), was
initially identified as a murine orthologue of human HPK38/
hMELK/KIAA175 [1]. MELK participates in a wide range of cellular
processes that are related to the cell cycle [2], apoptosis [3,4],
spliceosome assembly [5], and cell proliferation [6]. More impor-
tantly, its overexpression has been reported in various human can-
cers [7–10] and is associated with more aggressive forms of
astrocytoma, glioblastoma, breast cancer, and melanoma [11–13].
MELK plays a critical role in the formation or maintenance of can-
cer stem cells [7,14–16].

Protein kinases are key regulators in signal transduction and in
the coordination of complex functions. These play critical roles in
growth signaling pathways in cancer cells [17,18]. Its ATP binding
pocket has been recognized as an ideal target for pharmacological
therapy, and differences in the residues lining its ATP-binding cav-
ity confer selectivity of kinase inhibitors against a specific kinase
target [19,20]. For these reasons, protein kinases are considered
as attractive therapeutic targets of anti-cancer drugs.

A recent report has shown that the MELK selective inhibitor,
OTSSP167, effectively suppresses MELK kinase activity, with an
IC50 of 0.41 nM and the phosphorylation of MELK substrates such
as PSMA1 (proteasome subunit alpha type 1) and DBNL (drebrin-
like) [21]. The compound inhibited mammosphere formation in
breast cancer cells, which is one of the characteristics of breast
cancer stem cells [21]. In addition to its in vitro effect, it also exhib-
ited strong growth suppressive effects on various types of human
cancer xenografts of breast, pancreas, prostate, and lung cancers,
indicating a potential as a novel treatment for a wide range of hu-
man cancers [21].

In this study, we present the complex structure of MPK38
(T167E)-OTSSP167 for the purpose of understanding the binding
mode of the MELK selective inhibitor and to provide a foundation
for structure-guided drug design.
2. Materials and methods

2.1. Protein expression and purification

Residues 1–326 of MPK38 were subcloned into a pET21(b) vec-
tor (Novagen). The MPK38 (T167E) mutant was generated using
the QuickChange kit (Stratagene). The MPK38 (T167E) construct
was transformed into Escherichia coli BL21(DE3) cells; MPK38
(T167E) protein was induced by incubating the cells in 0.5 mM
IPTG at 18 �C for 16 h. The cells were harvested and suspended in
a cell lysis buffer [20 mM Tris–HCl (pH 7.5) and 500 mM NaCl].
Cells were lysed by sonication, and the supernatant was separated
by a centrifugation. The cell supernatant was applied to a Histrap
HP column (GE Healthcare) and washed with a buffer [20 mM
Tris–HCl (pH 7.5), 500 mM NaCl, and 50 mM imidazole]. MPK38
(T167E) was eluted with an elution buffer [20 mM Tris–HCl (pH
7.5), 500 mM NaCl, and 200 mM imidazole]. MPK38 (T167E) was
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Table 1
X-ray data collection and refinement statistics.

Data collection
Space group P212121

Unit-cell parameters (Å, �) a = 35.96, b = 75.76, c = 128.12,
a = b = c = 90

Resolution (Å) 50–2.57
Rmerge 0.148 (0.718)
Completeness (%) 100 (100)
Multiplicity 8.2 (8.6)

Refinement
Resolution (Å) 32.61–2.57
No. of reflections 11,707
Rwork/Rfree 0.204/0.251
No. of atoms

Protein 2,612
Water 34

B factors(Å2)
Protein 44.225
Water 37.354

R.m.s. deviations
Bond lengths(Å) 0.014
Bond angles (�) 1.727

Values in parentheses are for the highest resolution shell.

Fig. 1. Crystal structure of MPK38 (T167E)-OTSSP167. (A) Cartoon presentation of the
orange) in complex with OTSSP167. OTSSP167 (cyan) is shown as a stick model. (B) Clos
Glu57 is depicted as a red dashed line. (C) The hydrophobic interaction between Arg65
between Arg65 and the carbonyl group of Thr277 is displayed as a red dashed line.
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purified in an anion-exchange column Hitrap Q (GE Healthcare). Fi-
nally, MPK38 (T167E) was eluted by gel-filtration chromatography
(Hiload 16/60 200 pg, GE Healthcare) with a size-exclusion chro-
matography (SEC) buffer [20 mM Tris–HCl (pH 7.5), 300 mM NaCl,
and 5 mM DTT].

2.2. Crystallization, data collection, and structure determination

The inhibitor OTSSP167, [1-(6-(3,5-dichloro-4-hydroxyphenyl)-
4-((trans-4-((dimethylamino)methyl)cyclohexyl)amino)-1,5-naph-
thyridin-3-yl)ethanone] was purchased from Chem Scene. MPK38
(T167E) was concentrated to 15 mg/mL for crystallization screen-
ing using a commercial screening kit (Hampton Research).
MPK38 (T167E) was mixed with 1 mM of OTSSP167, and a complex
crystal was grown at 293 K by a vapor-diffusion method under
0.2 M lithium sulfate, 0.1 M sodium citrate (pH 5.5) and 15% etha-
nol for 2 weeks. The complex crystal was soaked in a crystallization
buffer with 20% ethylene glycol. X-ray diffraction data of the crys-
tals were collected on the BL-17A beamline at the Photon Factory
(Japan). The MPK38 (T167E) crystal belongs to the spacegroup
P212121 with a = 35.960 Å; b = 75.760 Å; and c = 128.120 Å in a
cell unit. The initial phase of MPK38 (T167E) was obtained by
structure of MPK38 (T167E) (kinase domain: blue; UBA linker: red; UBA domain:
e-up view of the aC-in and DFG-in conformation. The ionic pair between Lys40 and
from aC and Thr277 and Leu279 from the UBA linker is shown. The hydrogen bond
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molecular replacement (MR) using Molrep [22] using MPK38
(T167E) structure (PDB ID: 4BFM) as a search model. The model
of MPK38 (T167E) and OTSSP167 were built using Coot [23]
and the Refmac program was used for structure refinement [24].
The statistics for data collection and refinement are presented in
Table 1. The refined coordinates and structure factor were depos-
ited in the Protein Data Bank (PDB), with the accession number
4CQG.

3. Results and discussion

3.1. Overall structure of MPK38 (T167E) in complex with OTSSP167

The overall structure of the MPK38 (T167E)-OTSSP167 complex
is very similar to that of MPK38 (T167E)-AMPPNP, which showing
the kinase domain (KD, residues 1–263) and the extended se-
quence (ExS, residues 264–326), including the UBA linker (residues
264–283) and the UBA domain (residues 284–326) (Fig. 1A). Apart
from the disordered activation loop, MPK38 (T167E)-OTSSP167 re-
flects an active kinase, with aC-in and DFG-in (Fig. 1B). The exten-
sive hydrophobic interactions and hydrogen bond between Arg65
in KD and Thr277/Leu279 in the UBA linker remain in the MPK38
(T167E)-OTSSP167 complex, which function as a clip that main-
tains the aC helix ‘‘in’’ conformation (Fig. 1C). The electron density
Fig. 2. Chemical structure and the electron density map of OTSSP167. (A) Schematic
molecular structure of OTSSP167. (B) The electron density map of OTSSP167 in ATP
binding pocket is shown.
map of OTSSP167 is clearly observed in the ATP-binding pocket, as
shown in Fig 2A.

3.2. Binding mode of OTSSP167 to MPK38 (T167E)

The molecular structure and atomic numbering of OTSSP167 is
shown in Fig. 2B. It has a 1,5-naphthyridine scaffold with trans-4-
((dimethylamino)methyl)cyclohexyl)amino group at the 4-posi-
tion and 3,5-dichloro-4-hydroxyphenyl group at the 6-position.
Its inhibitory activity for MELK is 0.41 nM (IC50) [21]. The binding
mode of OTSSP167 is shown in Fig. 3.

The 2.57 Å structure of MPK38 (T167E) in complex with OTS-
SP167 exhibits that its naphthyridine core is stacked between
Ile17, Val25, Ala38, and Leu139 and engage in van der Waals inter-
actions with Leu86 (the gatekeeper residue) and Cys70. Addition-
ally, an acetone substituent interacts with the amide carbonyl of
Cys89. Except for a hydrogen bond between the N1 atom of naph-
thyridine core and the main-chain NH of Cys89, the compound
does not have any polar interactions with the hinge, but make
extensive van der Waals interactions with Glu87 and Tyr88; a
short contact (2.9 Å) appears to exist between the C8 of then-
aphthyridine core and the main chain carbonyl of Glu87. The cyclo-
hexyl ring of the amide substituent is within van der Waals
distance of Val25 and Glu83. The (dimethylamino)methyl group
Fig. 3. Binding mode of OTSSP167. (A) Representation of van der Waals interactions
between OTSSP167 (cyan) and MPK38 (T167E) active site (blue) is shown. MPK38
(T167E) and its key residues are depicted as C alpha traces and sticks, respectively.
(B) Representation of hydrogen bond between OTSSP167 (cyan) and MPK38
(T167E) active site (blue) is shown. The key residues are depicted as sticks and
the hydrogen bond is marked as a red dashed line. The short van der Waals contact
in the hinge region is also shown as a black dashed line with distance.



Fig. 4. Superposing of MPK38 (T167E)-OTSSP167 on MELK-Cpd1 and MELK-Cpd2
(A-D) MPK38 (T167E)-OTSSP167 (blue), MELK-Cpd1 (purple), and MELK-Cpd2
(yellow) are shown as C alpha traces and the key residues are depicted as sticks. (A)
The glycine-rich loop conformation is shown. (B) The surface of MPK38 (T167E) is
displayed in gray color.
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undergoes van der Waals interactions with Thr19, Glu136, and
Asn137. The phenyl ring of the 3,5-dichloro-4-hydroxyphenyl
group at the 6-position is stacked against Leu86 and Ile149. The
hydrophobic interactions between its chloride and Leu61 and
Leu86 were also observed. Moreover, its hydroxyl group forms a
hydrogen bond with the carbonyl group of Glu57 on aC and is
within van der Waals distance of Lys40 and Asp150.
3.3. Structural comparison with other MELK-inhibitor complex

At present, the structures of MELK bound to two nanomolar
inhibitors, benzodipyrazole Cpd1 (IC50 = 27 nM) and pyrrolopyraz-
ole Cpd2 (IC50 = 12 nM), are available in PDB [25]. Both compounds
present the typical type 1 inhibitor, which is involved in the canon-
ical donor–acceptor hydrogen bonds with the hinge region and
bind to the DFG-in conformation [25]. Cpd2 effectively fills the ac-
tive site by penetrating deeper into the back pocket than Cpd1 and
harbors a superior shape complementarity [25].

Fig. 4 shows the superimposition of MPK38 (T167E)-OTSSP167
on MELK-Cpd1 and MELK-Cpd2. The root-mean-square deviation
(RMSD) between Ca atoms is 0.55 Å and 0.53 Å, respectively.
Although they all display the features of a type 1 inhibitor, several
differences were observed. In Cpd1 and Cpd2, it makes the typical
donor–acceptor hydrogen bonds with the hinge region [25]. In
OTSSP167, it harbors a single hydrogen bond and engaged in very
strong van der Waals interactions with the hinge region (Fig 3b).
While Cpd1 and Cpd2 are engaged in polar contacts with Glu93,
Asn137, and Asp150 via direct or water-mediated hydrogen bond-
ing, OTSSP167 engages in van der Waals interactions with these
residues (Fig 3a) [25]. The phenyl group of Cpd2 and the cyclohexyl
ring of OTSSP167 stabilize the glycine-rich loop, whereas MELK
complexed with Cpd1 exhibits a partially disordered glycine-rich
loop (Fig 4a). More importantly, OTSSP167 penetrates �4 Å deeper
into the back pocket than the others and interacts with aC through
the dichlorohydroxyphenyl group, perhaps explaining its stronger
potency (IC50of OTSSP167 = 0.41 nM; Cpd1 = 27 nM; and
Cpd2 = 12 nM) (Fig. 4B). The results show that OTSSP167 optimally
occupies the active site, especially the hydrophobic back pocket,
mainly through van der Waals interactions.
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