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The structures of the kinase domain and UBA
domain of MPK38 suggest the activation mechanism

for kinase activity

Murine protein serine/threonine kinase 38 (MPK38) is the
murine orthologue of human maternal embryonic leucine-
zipper kinase (MELK), which belongs to the SNF1/AMPK
family. MELK is considered to be a promising drug target for
anticancer therapy because overexpression and hyperactiva-
tion of MELK is correlated with several human cancers.
Activation of MPK38 requires the extended sequence (ExS)
containing the ubiquitin-associated (UBA) linker and UBA
domain and phosphorylation of the activation loop. However,
the activation mechanism of MPK38 is unknown. This paper
reports the crystal structure of MPK38 (T167E), which mimics
a phosphorylated state of the activation loop, in complex with
AMP-PNP. In the MPK38 structure, the UBA linker forces an
inward movement of the oC helix. Phosphorylation of the
activation loop then induces movement of the activation loop
towards the C-lobe and results in interlobar cleft closure.
These processes generate a fully active state of MPK38. This
structure suggests that MPK38 has a similar molecular
mechanism regulating activation as in other kinases of the
SNF1/AMPK family.

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 (Gil et al, 1997). MELK, the
human orthologue of MPK38, is involved in the cell cycle
(Davezac et al., 2002), cell proliferation (Nakano et al., 2005),
apoptosis (Jung et al., 2008; Lin et al., 2007) and spliceosome
assembly (Vulsteke et al., 2004). Overexpression and hyper-
activation of MELK are involved in initiation of the cell cycle
but are barely detectable during cell differentiation (Badouel
et al., 2010). Recent research shows that MELK expression
is correlated with malignancy in a broad spectrum of cancers
(Gray et al., 2005; Marie et al, 2008; Nakano et al., 2008;
Pickard et al., 2009; Ku et al., 2010). Overexpression of MELK
is associated with a poor prognosis in breast cancer and glio-
blastoma patients. MELK is hyperactivated in cell lines
derived from a colorectal carcinoma (Pickard et al., 2009;
Nakano et al., 2008; Ku et al., 2010). MELK plays a critical role
in the formation or maintenance of cancer stem cells (Sutter et
al., 2007; Hebbard et al., 2010). Therefore, MELK is recog-
nized as an emerging target for anticancer drug therapy.
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MPK38 is a serine/threonine kinase that belongs to the
SNF1/AMPK family, which contains yeast sucrose-non-
fermenting-1 (Snfl), two isoforms of AMP-activating protein
kinase (AMPKal and AMPKo2) and 12 AMPK-related
kinases (Beullens et al., 2005; Bright et al., 2009; Manning et al.,
2002). All kinases in this family have a conserved threonine
residue (Thr172 in AMPKal and AMPKa2 and Thr167 in
MPK38) in their activation loop (Beullens et al., 2005; Bright et
al., 2009; Woods et al., 2003). Phosphorylation of the threonine
residue in the activation loop of AMPKal and AMPKea?2 is
triggered by the upstream kinase LKB1, while phosphoryla-
tion of the activation loop of MPK38 occurs by autophos-
phorylation (Bright et al., 2009; Lizcano et al., 2004; Woods et
al., 2003). Substitution of Thr with a negative charged amino
acid in the activation loop of MPK38 induces constitutive
activation (Beullens et al., 2005).

MPK38 consecutively comprises a kinase domain (KD),
a ubiquitin-associated (UBA) domain, a TP dipeptide-rich
domain and a kinase-associated 1 (KA1) domain. A C-terminal
fragment of MPK38 containing the TP dipeptide-rich domain
and the KA1l domain functions as an autoinhibitory domain.
Ten AMPK-related kinases, including MPK38, contain a UBA
domain, which is a specific feature that only occurs in the
mammalian genome (Bright et al., 2009; Jaleel et al., 2006).
The UBA domain binds to polyubiquitinated proteins, which
inhibits further ubiquitination and attenuates proteosomal
degradation of the target protein (Buchberger, 2002; Davies et
al., 2004; Hartmann-Petersen et al., 2003; Mueller et al., 2004).
The UBA domain is also involved in protein—protein inter-
actions such as protein dimerization (Bertolaet et al., 2001).
The extended sequence (ExS) containing the UBA linker is
involved in regulation of activity in AMPK-related kinases
(Beullens et al., 2005; Jaleel et al., 2006). The kinase domain
(KD) and the UBA domain are connected by the UBA linker,
which has a length of approximately 20 amino acids. The ExS
consists of the UBA linker and UBA domain.

The activity of protein kinases depends on the correct
positioning of the active-site residues (Huse & Kuriyan, 2002;
Nolen et al., 2004). Most kinases are activated by phosphor-
ylation of a Ser/Thr or a Tyr residue in the activation loop
(Canagarajah et al., 1997; Krupa et al., 2004). However, some
kinases have an alternative activation mechanism, such as
those observed in the platelet-derived growth factor receptor
(PDGFR), cyclin-dependent kinase (CDK) and AGC kinase
families. The juxtamembrane domain of the PDGFR family
is released from the KD for activation (Griffith et al., 2004;
Irusta et al, 2002). Intermolecular interactions are formed
between CDKs and cyclins before phosphorylation of CDKs
(Jeffrey et al., 1995; Johnson & O’Reilly, 1996; Pavletich, 1999;
Russo et al., 1996). In the AGC family, intramolecular inter-
actions between the KD and the C-terminal flanking sequence
are required for activation (Gold et al., 2006; Knighton et al.,
1991; Yang, Cron, Good et al., 2002; Yang, Cron, Thompson et
al., 2002).

The activation mechanism of UBA-containing kinases has
not yet been identified. Previous work indicated that MPK38
was not activated without the UBA linker and the UBA

Table 1

X-ray data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection

Space group P2,2,2,
Unit-cell parameters (A °) a =35.759, b =75.711, ¢ = 128.088,
i a=B=y=90
Resolution (A) 50-2.35
Rierge 0.101 (0.355)
Average l/o(I) 35.78 (6.21)
Completeness (%) 99.8 (99.1)
Multiplicity 10.8 (7.0)
Refinement

Resolution (A) 48.90-2.35
No. of reflections 15156
Ryork/Riree 0.17/0.20
No. of atoms

Protein 2267

Water 21
B factors (A?)

Protein 93.52

Water 86.40
R.m.s. deviations

Bond lengths (A) 0.012

Bond angles (°) 1.242

domain (Beullens et al, 2005). Other AMPK-related kinases
containing ExS show a similar activation mechanism to that of
MPK38 (Jaleel et al., 2006). The structures of UBA-containing
kinases such as MARK1, MARK2 and MARK3 have been
determined (Marx et al., 2006; Murphy et al., 2007; NeSic et al.,
2010; Panneerselvam et al, 2006). Although an active
conformation of MARK2 has been reported in the presence
of an inhibitory peptide from Helicobacter pylori, there is no
active structure in the absence of peptide. Therefore, the
structures do not disclose the structural role of the factors that
induce or stabilize the active conformation in the absence of
peptide (such as the UBA linker, the UBA domain and acti-
vation loop phosphorylation; Marx et al., 2006; Murphy et al.,
2007; Nesic et al., 2010; Panneerselvam et al., 2006).

This study identified the activation mechanism of MPK38.
We determined the structure of MPK38 (T167E) including the
KD and the ExS, which mimics the activated state of MPK38.
Our results revealed that the positioning of residues in the
active site was induced by the UBA linker in the ExS, which
restrained the movement of the oC helix. Additionally, the
phosphorylation-mimic mutation in the activation loop trig-
gered reorganization of the activation loop and the interlobar
cleft into a more closed conformation. The structure of
MPK38 (T167E) suggests that there is a common activation
mechanism among kinases of the SNF1/AMPK family.

2. Materials and methods
2.1. Protein expression and purification

Residues 1-326 of MPK38 were subcloned into the pET-21b
vector (Novagen). The MPK38 (T167E) mutant, which mimics
a constitutively phosphorylated state, was generated using the
QuikChange kit (Stratagene). The MPK38 (T167E) construct
was transformed into Escherichia coli BL21(DE3) cells. The
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Figure 1

Overview of the structure of MPK38 (T167E): stereo image of the MPK38 (T167E) structure. The UBA
domain is shown in yellow, the UBA linker in green, the activation loop in red, the «C helix in blue and
AMP-PNP in cyan.

Figure 2

Conformation of the active-state kinase domain (KD) in MPK38 (T167E). The UBA domain is shown in
yellow, the UBA linker in green, the activation loop in red and the «C helix in blue. (a) Overview of the
MPK38 (T167E) structure. (b) Close-up view of the «C-in conformation. The ion pair between Lys40 and
Glu57 is marked as a red dashed line. (¢) Close-up view of the DFG-in conformation.

a HisTrap HP column (GE
Healthcare) and washed with
washing buffer (20 mM Tris—-HCI
pH 7.5, 500 mM NaCl, 50 mM
imidazole). MPK38 (T167E) was
eluted with elution buffer
(20mM Tris-sHCI pH 7.5,
500 mM NaCl, 200 mM imida-
zole). MPK38 (T167E) was
purified using a HiTrap Q anion-
exchange column (GE Health-
care). Finally, MPK38 (T167E)
was eluted by gelfiltration
chromatography (HiLoad 16/60
200 pg, GE Healthcare) in size-
exclusion chromatography (SEC)
buffer (20 mM Tris—-HCI pH 7.5,
300 mM NaCl, 5 mM DTT).

2.2. Crystallization, data
collection and structure
determination

MPK38 (T167E) was concen-
trated to 15 mgml~" for crystal-
lization  screening using a
commercial screening kit
(Hampton Research). MPK38
(T167E) was mixed with 1 mM
AMP-PNP and a complex crystal
was grown at 293K by the
vapour-diffusion method using
1.7 M ammonium sulfate, 50 mM
CAPSO pH 9.8 in two weeks. The
complex crystal was soaked in
crystallization buffer with 20%
ethylene glycol before cooling.
X-ray diffraction data were
collected from the crystals on the
BL-17A beamline at the Photon
Factory, Japan. The MPK38
(T167E) crystal belonged to
space group P2,2,2;, with unit-
cell parameters a = 35.799,
b = 75711, ¢ = 128.088 A. The
initial phase of MPK38 (T167E)
was obtained by molecular
replacement using MOLREP
(Vagin & Teplyakov, 2010) with
the human MELK structure
(PDB entry 3zgw; G. Canevari,
S. Re-Depaolini, U. Cucchi,

expression of MPK38 (T167E) was induced by 0.5 mM IPTG  B. Forte, P. Carpinelli & J. A. Bertrand, unpublished work) as a
at 18°C for 16 h. The cells were harvested and suspended in search model. The model of MPK38 (T167E) was built using
cell-lysis buffer (20 mM Tris-HCI pH 7.5, 500 mM NacCl). The Coot (Emsley et al., 2010), and PHENIX was used for struc-
cells were lysed by sonication and the supernatant was sepa- ture refinement (Adams et al, 2010). The statistics of data
rated by centrifugation. The cell supernatant was applied onto collection and refinement are presented in Table 1.
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(b

and in interaction with the UBA
domain (residues 284-326). The
C-lobe consists predominantly of
a-helices and serves as a docking
site for substrates. It includes the
catalytic loop (residues 132-137),
the DFG motif (the magnesium-
binding loop) and the activation
loop (residues 150-176) that
participates in the transfer of
phosphate to substrates. The
N-lobe exhibits the «C-in and
DFG-in conformations, which are
conserved throughout all active
protein kinases (Figs. 2b and 2c).
The activation loop is localized in
the C-lobe of the KD (Fig. 2d),
although 11 residues (residues
158-168) in the activation loop
are not visible in the electron-
density map. The AMP-PNP,
which is an analogue of ATP, is
positioned in the ATP-binding
pocket (Fig. 1).

The UBA domain of MPK38
is a small globular domain that
contains three short helices (al-
«3) and binds to the back of the
N-lobe (Fig. 1). Helices o1 and o3
are approximately antiparallel in
conformation, as observed for
those in the MARKs (MARKI,
MARK?2 and MARK3; Marx et
al., 2006; Murphy et al., 2007;

UBA Linker

B4— %Ksz
IB"A UBA Link
inker
4 E100 ey &
¥ ¥
(c)
MARK1 : aC-Glu-Out MPK38 : aC-Glu-In
DFG-Asp-Out DFG-Asp-In
UBA
L279
\ )&
'/’“‘))E?:w
7 .
F184( ) \ DFG motif
UBA Linker DFG motif UBA Linker
d)
Figure 3

Panneerselvam et al., 2006). The

Activation of MPK38 by the UBA linker. () Superposition of the MPK38 (T167E) N-lobe (blue) and the
MARKI1 N-lobe (white). (b, ¢) Detailed interactions are shown among the KD «C helix, KD B4 and the
UBA linker. The key residues that show conformational differences in the KDs of MPK38 and MARK1
are labelled. The distance between Glu in «C and Lys in 4 is shown. (d) Structures of MARKI1 (left, white)

UBA domain is linked to the KD
by the UBA linker residues
264-283. The UBA domain is

and MPK38 (T167E) (right, blue) presented in different views to those in (’b) The distance between Glu in
«C and Lys in 84 is shown for both proteins (6.1 A in MARKI and 3.0 A in MPK38). The ion pairs are

displayed as red dashed lines.

3. Results and discussion

3.1. Overall structure of the MPK38 constitutively active
mutant

The overall structure of MPK38 (T167E) shows the KD and
ExS, which contain the UBA linker and the UBA domain
(Beullens et al., 2005). In MPK38, Thr167 is substituted by Glu
to mimic the phosphorylated state of the activation loop. The
KD of MPK38 (T167E) adopts the classical bilobar protein
kinase fold, which consists of an N-terminal lobe (N-lobe;
residues 1-91) and a C-terminal lobe (C-lobe; residues 94—
263) (Huse & Kuriyan, 2002; Knighton et al., 1991; Nolen et al.,
2004; Fig. 1). The ATP-binding pocket is located between the
N- and C-lobes. The N-lobe, which contains six antiparallel §-
sheets and the regulatory «C helix, is involved in ATP binding

conserved among UBA-
containing kinases. The UBA
domain of MPK38 shows a similar
conformation as in the MARKS.
The UBA linker is not conserved; the MPK38 linker exhibits a
unique conformation unlike that in the MARKSs (Fig. 3 and
Supporting Fig. S1%).

3.2. Structural comparison between MPK38 and MARK1

3.2.1. The role of ExS in MPK38. Protein kinases are
generally activated by phosphorylation of their activation
loop. However, a few kinases are activated by alternative
mechanisms. The AGC-family kinases are a typical example,
in which the C-terminal hydrophobic motif is required for
protein stability and kinase activity (Gold et al., 2006). Simi-
larly, the activation of MPK38 requires phosphorylation of the

! Supporting information has been deposited in the IUCr electronic archive
(Reference: CB5036).
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activation loop and the C-terminal ExS (Beullens et al., 2005;
Jaleel et al., 2006). The structures of three UBA-containing
kinases that contain an ExS, including MARK1, MARK?2 and
MARKS3, have been determined in the inactive state (Marx et
al., 2006; Murphy et al., 2007; Nesic et al., 2010; Panneerselvam
et al.,20006). The structural conformation of MPK38 (T167E) is
quite different from the structures of the three MARKSs. The
MARK structures display the canonical inactive oC-out,
DFG-out conformation and a severely disordered activation
loop (Marx et al., 2006; Murphy et al., 2007, Panneerselvam et
al., 2006). Our MPK38 (T167E) structure reflects an active
conformation with an aC-in, DFG-in conformation and the
activation loop localized at the C-lobe (Figs. 2b, 2c and 4a). A
comparison of the MPK38 (T167E) and MARK structures
reveals that the ExS affects the KD conformation and indi-
cates the conformational changes that occur during activation

MARK1

(@)

UBA

(®)

Figure 4

Activation of MPK38 by phosphorylation of the activation loop. (a) The activation loop of MARK1
(white) and MPK38 (T167E) (blue) are shown as boxed regions. (b) The interlobar cleft in MARK1
has a more open conformation compared with that of MPK38 (T167E). MARK1 (white) and
MPK38 (T167E) (blue) are superposed and the N-lobes and C-lobes of their KDs are highlighted by
ellipses. The N-lobe of MARKT1 is shown in the grey ellipse, the N-lobe of MPK38 (T167E) is shown
in the blue ellipse and the C-lobes of both proteins are shown in the green ellipse.

MPK38

N-lobe

C-lobe

of the UBA-containing kinases. The MARKs have ~90%
sequence identity and their structures are conserved; there-
fore, the human MARKI1 structure was used in comparative
studies with MPK38 (T167E).

The structures of MPK38 and MARKI1 were separately
aligned for the N-lobe and the C-lobe, with r.m.s.d.s of 0.58
and 0.82 A, respectively. In the N-lobe, there is an obvious
difference at the end of «C in the hinge region (Figs. 3a and
3b). In MPK38, the UBA linker and the N-lobe make exten-
sive contacts through strong van der Waals interactions and a
hydrogen bond (Supporting Figs. S2 and S3). In contrast, the
UBA linker and the N-lobe are far apart at the end of «C in
MARKI, so there is only one van der Waals contact (Figs. 3b
and 3c). This unambiguous structural difference clearly shows
that rearrangement of the UBA linker causes a conforma-
tional change of the KD N-lobe from an inactive to an active

state. In MPK38, Thr277 and Leu279 of

the UBA linker modulate the oC helix

from the ‘out’ to the ‘in’ position via a

strong van der Waals interaction with

Argb65 of the oC helix and an additional

hydrogen bond in the vicinity

(Supporting Figs. S2 and S3); in detail,

the O atom of the hydroxyl group
~ of Thr277 interacts with the C” and N°
' atoms of Arg65 at distances of 3.4 and
3.6 A, respectively. The C° atom of
Leu279 makes contacts with the N7 and
C atoms of the guanidinium moiety of
Arg65 at distances of 3.5-3.6 A. In
MARKI1, Glu318 of the UBA linker
keeps the aC helix in the ‘out’ position
via a relatively weak van der Waals
interaction with Asn108 (4.0 A; Fig. 3¢).
Thus, extensive hydrophobic inter-
actions in MPK38 between Arg65 in KD
and Leu279 in the UBA linker function
as a clip that restrains the motion of the
regulatory «C helix (Fig. 3c). This
arrangement leads to the following
interactions: Glu57 in the «C helix
engages in favourable electrostatic
interactions with Lys40 (Fig. 3c), while
hydrophobic interactions  between
Leu6l and Phel51 in the DFG motif
and a water-mediated hydrogen bond
between Arg53 in the «C helix and
Aspl150 of the DFG motif induce the
DFG-in conformation (Fig. 3d). Thr277
and Leu279, which are the key residues
for the clipping function of the UBA
linker, are fixed in position by the
following interactions. Firstly, the
C-terminal residue, Leu279, is stabilized
by van der Waals contacts with Trp308
from the UBA domain (Supporting Fig.
S4a). Secondly, the N-terminal residue,

C-lobe l

518 cChoetal. - MPK38
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Ser275, is located in the vicinity of the aC helix by a hydrogen
bond to the main-chain O atom of Arg65 (Supporting Fig.
S4b). Thirdly, most of the N-terminal residues are fixed at the
C-lobe of KD by multiple van der Waals interactions. In detail,
Trp262, Val263, Tyr267, Val271 and Trp273 of the UBA linker
pack against the C-lobe surface lined by Argll0, Vallll,
Argll4, Leull7, Ser118 and Ser125 (Supporting Fig. S4c).
Additionally, the recently deposited human MELK structure
(PDB entry 3zgw; G. Canevari, S. Re-Depaolini, U. Cucchi, B.
Forte, P. Carpinelli & J. A. Bertrand, unpublished work) is

very similar to that of MPK38, with an r.m.s.d. of 0.453 A over
253 amino-acid residues. The «C-in and DFG-in conformation
in KD and the interactions between the UBA linker and «C
are found in both structures. In particular, although the key
residues in the UBA linker are different (the corresponding
residues to Thr277 and Leu279 in MPK38 are Asn277 and
Phe279 in human MELK), the UBA linker also restrains oC
via strong van der Waals interactions in the human enzyme,
showing the conserved role of the UBA linker. In detail, the O
atom of the side chain of Asn277 interacts with the N® atom of

Argb65 at a distance of 3.8 A.The phenyl

ring of Phe279 makes a contact with the

/

Q>

- NS

N* and C° atoms of Arg65 at a distance
of 3.5-3.6 A. Moreover, the additional
hydrogen bonding between the
carbonyl group of the main chain of
Arg65 and the hydroxyl group of Ser275
is also conserved (Supporting Fig. S5).
This function of the UBA linker is
reminiscent of cyclins, which interact
with and activate their cognate CDKs.
Cyclins also restrain the movement of

Lmker

(@)

UBA
linker

®)
S. pombe Snf1 and MPK38

Inwards

/25)’ T27 _/
L279 J

“~ linker

J«<— AID
a3

©

Figure 5

S. pombe Snf1 and MPK38

S. pombe Snf1

the oC helix, which promotes the
interaction between a Glu in the oC
helix and a Lys in the N-lobe. This
interaction holds the phosphate of ATP
in the correct position (Pavletich, 1999).

3.2.2. The role of phosphorylated
Thr167 in MPK38. The MPK38 and
MARKTI1 structures show significant
differences in the conformational
change of the activation loop and the
opening/closing of the interlobar cleft.
The substitution of Thrl67 by Glu in
MPK38 causes the activation loop to
move towards the C-lobe of KD
compared with that in MARKI, in
which the activation loop moves
towards the N-lobe (Fig. 4a). Although
our structure of MPK38 does not iden-
tify 11 residues in the activation loop,
including Glul67 that mimics the
structure of phosphorylated Thr167, it
shows that the activation loop is rela-
tively stabilized in the C-lobe (Fig. 4a).
The activation loop in our MPK38
structure is partially stabilized because
the glutamate does not completely
mimic a phosphorylated state and the
interactions with the surrounding resi-
dues (such as Argl31 of the catalytic

UBA

Comparison of the activation of MPK38 by ExS and the inhibition of Snfl (from S. pombe) by AID.
(a) Structural comparison of MPK38 (T167E) (blue) with Snfl (yellow) is shown via an overall view
(left) and a close-up view (right) of the boxed region. (b) Each protein in the boxed region of (a) is
displayed separately. The structures show the van der Waals contacts at the interface of the KD-
UBA linker region of MPK38 and those at the KD-AID interface of Snfl. (¢) A close-up view of
the region around the oC helix in both proteins shows that the interactions observed in (b) force «C
to rotate inwards (MPK38) or outwards (Snfl).

loop) are not stable. This observation is
consistent with a previous study of a
MELK mutant that had a negatively
charged amino acid substituted for
the activation-loop Thr; this mutant
appeared to have a lower activity than

Acta Cryst. (2014). D70, 514-521
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that of the autophosphorylated wild-type kinase (Beullens et
al., 2005). The conformational shift of the activation loop
decreases the restriction of the rotation of the N-lobe towards
the C-lobe, thus inducing the interlobar cleft to move from the
open to the relatively closed conformation (Fig. 4b).

3.3. Structural insights into regulation of the activity of
MPK38 and the SNF1/AMPK family

The SNF1/AMPK family contains yeast Snfl, AMPKal,
AMPKa2 and 12 AMPK-related kinases including ten UBA-
containing kinases (Bright et al., 2009; Manning et al., 2002).
The SNF1/AMPK-family KDs are conserved; however, there
is significant divergence among the sequences that encode the
remaining regions of the proteins (Bright ef al., 2009). Struc-
tural studies of Snfl, which is the yeast orthologue of
mammalian AMPK, report that the autoinhibition of AMPKs
is regulated by interactions between the KD and an auto-
inhibitory domain (AID; Chen et al, 2009). Our structural
study of MPK38 reveals that activation occurs via interactions
between the KD and the ExS that involve the UBA linker.
These interactions commonly restrain the motion of the «C
helix and influence kinase activity in both AMPK and MPK38.
Although the Snfl AID binds to the KD using a similar
mechanism as that for the binding of the MPK38 UBA linker
to the KD, its function in the regulation of activity is different
(Chen et al., 2009). In Schizosaccharomyces pombe Snfl,
Leu88 at the end of «aC interacts with Met316 on «l and
Leu342 in the AID of &3 (Figs. 5a and 5b; Chen et al., 2009). In
MPK38, Arg65 at the end of aC interacts with Thr277 and
Leu279 in the UBA linker (Figs. 5a and 5b). AID binding
forces the «oC helix outwards and inhibits kinase activity,
whereas the UBA linker forces the aC helix inwards and
induces kinase activation (Fig. 5c; Chen et al., 2009). Taken
together, MPK38 and AMPKs regulate the motion of the oC
helix via similar binding-mode mechanisms, in which the UBA
linker and the AID interact with the hinge region but show
completely opposite effects (activation and inhibition,
respectively). These effects are owing to different restraints
that determine the direction of movement of the «C helix.

We are grateful to the staff scientists at the BL-17A
beamline of the Photon Factory for data collection. This work
was supported by a Mid-career Researcher Program through
NRF grants funded by the Korean government (MEST;
Nos. 20090073145, 20090084897 and NRF-2012R1A2A2A-
01012830) and by a grant from the Korea Healthcare Tech-
nology R&D project, Ministry for Health, Welfare and Family
Affairs, Republic of Korea (A080320).

References

Adams, P. D. et al. (2010). Acta Cryst. D66, 213-221.

Badouel, C., Chartrain, I., Blot, J. & Tassan, J.-P. (2010). Exp. Cell Res.
316, 2166-2173.

Bertolaet, B. L., Clarke, D. J., Wolff, M., Watson, M. H., Henze, M.,
Divita, G. & Reed, S. 1. (2001). J. Mol. Biol. 313, 955-963.

Beullens, M., Vancauwenbergh, S., Morrice, N., Derua, R., Ceule-
mans, H., Waelkens, E. & Bollen, M. (2005). J. Biol. Chem. 280,
40003-40011.

Bright, N. J., Thornton, C. & Carling, D. (2009). Acta Physiol. 196,
15-26.

Buchberger, A. (2002). Trends Cell Biol. 12, 216-221.

Canagarajah, B. J., Khokhlatchev, A., Cobb, M. H. & Goldsmith, E. J.
(1997). Cell, 90, 859-869.

Chen, L., Jiao, Z.-H., Zheng, L.-S., Zhang, Y.-Y., Xie, S.-T., Wang,
Z.-X. & Wu, J.-W. (2009). Nature (London), 459, 1146-1149.

Davezac, N., Baldin, V., Blot, J., Ducommun, B. & Tassan, J.-P. (2002).
Oncogene, 21, 7630-7641.

Davies, G. C. Ettenberg, S. A., Coats, A. O., Mussante, M.,
Ravichandran, S., Collins, J., Nau, M. M. & Lipkowitz, S. (2004).
Oncogene, 23, 7104-7115.

Emsley, P, Lohkamp, B., Scott, W. G. & Cowtan, K. (2010). Acta
Cryst. D66, 486-501.

Gil, M., Yang, Y., Lee, Y., Choi, I. & Ha, H. (1997). Gene, 195,
295-301.

Gold, M. G., Barford, D. & Komander, D. (2006). Curr. Opin. Struct.
Biol. 16, 693-701.

Gray, D., Jubb, A. M., Hogue, D., Dowd, P, Kljavin, N., Yi, S., Bai, W,,
Frantz, G., Zhang, Z., Koeppen, H., de Sauvage, F. J. & Davis, D. P.
(2005). Cancer Res. 65, 9751-9761.

Griffith, J., Black, J., Faerman, C., Swenson, L., Wynn, M., Lu, F,
Lippke, J. & Saxena, K. (2004). Mol. Cell, 13, 169-178.

Hartmann-Petersen, R., Semple, C. A., Ponting, C. P, Hendil, K. B. &
Gordon, C. (2003). Int. J. Biochem. Cell Biol. 35, 629-636.

Hebbard, L. W., Maurer, J., Miller, A., Lesperance, J., Hassell, J.,
Oshima, R. G. & Terskikh, A. V. (2010). Cancer Res. 70, 8863—
8873.

Huse, M. & Kuriyan, J. (2002). Cell, 109, 275-282.

Irusta, P. M., Luo, Y., Bakht, O., Lai, C. C.,, Smith, S. O. & DiMaio, D.
(2002). J. Biol. Chem. 271, 38627-38634.

Jaleel, M., Villa, E.,, Deak, M., Toth, R., Prescott, A. R., Van Aalten,
D. M. FE. & Alessi, D. R. (2006). Biochem. J. 394, 545-555.

Jeffrey, P. D., Russo, A. A., Polyak, K., Gibbs, E., Hurwitz, J.,
Massagué, J. & Pavletich, N. P. (1995). Nature (London), 376,
313-320.

Johnson, L. N. & O’Reilly, M. (1996). Curr. Opin. Struct. Biol. 6,
762-769.

Jung, H., Seong, H. A. & Ha, H. (2008). J. Biol. Chem. 283, 34541—
34553.

Knighton, D. R., Zheng, J. H., Ten Eyck, L. F., Ashford, V. A., Xuong,
N. H., Taylor, S. S. & Sowadski, J. M. (1991). Science, 253, 407-414.

Krupa, A., Preethi, G. & Srinivasan, N. (2004). J. Mol. Biol. 339, 1025-
1039.

Ku, J.-L., Shin, Y. K., Kim, D.-W., Kim, K.-H., Choi, J.-S., Hong, S.-H.,
Jeon, Y. K., Kim, S.-H., Kim, H.-S., Park, J.-H., Kim, I.-J. & Park,
J.-G. (2010). Carcinogenesis, 31, 1003-10009.

Lin, M.-L., Park, J.-H., Nishidate, T., Nakamura, Y. & Katagiri, T.
(2007). Breast Cancer Res. 9, R17.

Lizcano, J. M., Goransson, O., Toth, R., Deak, M., Morrice, N. A.,
Boudeau, J., Hawley, S. A., Udd, L., Mikel4, T. P, Hardie, D. G. &
Alessi, D. R. (2004). EMBO J. 23, 833-843.

Manning, G., Whyte, D. B., Martinez, R., Hunter, T. & Sudarsanam, S.
(2002). Science, 298, 1912-1934.

Marie, S. K., Okamoto, O. K., Uno, M., Hasegawa, A. P., Oba-Shinjo,
S. M., Cohen, T., Camargo, A. A., Kosoy, A., Carlotti, C. G. Jr,
Toledo, S., Moreira-Filho, C. A., Zago, M. A., Simpson, A. J. &
Caballero, O. L. (2008). Int. J. Cancer, 122, 807-815.

Marx, A., Nugoor, C.,, Miiller, J., Panneerselvam, S., Timm, T., Bilang,
M., Mylonas, E., Svergun, D. 1., Mandelkow, E. M. & Mandelkow,
E. (2006). J. Biol. Chem. 281, 27586-27599.

Mueller, T. D., Kamionka, M. & Feigon, J. (2004). J. Biol. Chem. 279,
11926-11936.

Murphy, J. M., Korzhnev, D. M., Ceccarelli, D. F, Briant, D. J.,
Zarrine-Afsar, A., Sicheri, F,, Kay, L. E. & Pawson, T. (2007). Proc.
Natl Acad. Sci. USA, 104, 14336-14341.

Nakano, I. et al. (2008). J. Neurosci. Res. 86, 48—60.

Nakano, L. et al. (2005). J. Cell Biol. 170, 413-427.

520 cChoetal. -+ MPK38

Acta Cryst. (2014). D70, 514-521


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB49
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB49
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB49
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB32
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB32
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB32
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB35
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB36

research papers

Nesié, D., Miller, M. C., Quinkert, Z. T., Stein, M., Chait, B. T. &
Stebbins, C. E. (2010). Nature Struct. Mol. Biol. 17, 130-132.

Nolen, B., Taylor, S. & Ghosh, G. (2004). Mol. Cell, 15, 661-675.

Panneerselvam, S., Marx, A., Mandelkow, E. M. & Mandelkow, E.
(2006). Structure, 14, 173-183.

Pavletich, N. P. (1999). J. Mol. Biol. 287, 821-828.

Pickard, M. R., Green, A. R., Ellis, I. O., Caldas, C., Hedge, V. L.,
Mourtada-Maarabouni, M. & Williams, G. T. (2009). Breast Cancer
Res. 11, R60.

Russo, A. A., Jeffrey, P. D. & Pavletich, N. P. (1996). Nature Struct.
Biol. 3, 696-700.

Sutter, R., Yadirgi, G. & Marino, S. (2007). Biochim. Biophys. Acta,

1776, 125-137.

Vagin, A. & Teplyakov, A. (2010). Acta Cryst. D66, 22-25.

Vulsteke, V., Beullens, M., Boudrez, A., Keppens, S., Van Eynde, A.,
Rider, M. H., Stalmans, W. & Bollen, M. (2004). J. Biol. Chem. 279,
8642-8647.

Woods, A., Johnstone, S. R., Dickerson, K., Leiper, F. C., Fryer, L. G.,
Neumann, D., Schlattner, U., Wallimann, T., Carlson, M. & Carling,
D. (2003). Curr. Biol. 13, 2004-2008.

Yang, J., Cron, P, Good, V. M., Thompson, V., Hemmings, B. A. &
Barford, D. (2002). Nature Struct. Biol. 9, 940-944.

Yang, J., Cron, P, Thompson, V., Good, V. M., Hess, D., Hemmings,
B. A. & Barford, D. (2002). Mol. Cell, 9, 1227-1240.

Acta Cryst. (2014). D70, 514-521

Choetal. - MPK38 521


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB48
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB48
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB39
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB39
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB40
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB41
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB41
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB41
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB42
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB42
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB43
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB43
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB44
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB45
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB45
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB45
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB47
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB47
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB48
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=cb5036&bbid=BB48

